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$:6  $OOZKHHOVWHHULQJ
%$  %UDNHDVVLVWDQFH
&$1  &RQWUROOHUDUHDQHWZRUN
&R*  &HQWUHRIJUDYLW\
&0  &HQWUDOPRWRU
'&  'LUHFWFXUUHQW
'2)  'HJUHHVRIIUHHGRP
'<&  'LUHFW\DZPRPHQWFRQWURO
(+&8 (OHFWURK\GUDXOLFFRQWUROXQLW
(6&  (OHFWURQLFVWDELOLW\FRQWURO
(63  (OHFWURQLFVWDELOLW\SURJUDPPH
)(9  )XOOHOHFWULFYHKLFOH
),6  )X]]\LQIHUHQFHV\VWHP
):6  $FWLYHIURQWZKHHOVWHHULQJ
*,6  *HRJUDSKLFLQIRUPDWLRQV\VWHPV
*36  *OREDOSRVLWLRQLQJV\VWHP
+&8  +\GUDXOLFFRQWUROXQLW
+(9  +\EULGHOHFWULFYHKLFOH
+,/  +DUGZDUHLQWKHORRS
,0&  ,QWHJUDWHGPRWLRQFRQWUROOHU
,76  ,QWHOOLJHQW7UDQVSRUW6\VWHP
,:0  ,QZKHHOPRWRU
/&$  /DQHFKDQJHDVVLVWDQFH
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV
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/06  /HDVWPHDQVTXDUHV
2%0  2QERDUPRWRU
26  2YHUVWHHU
1+76$ 1DWLRQDO+LJKZD\7UDIILF6DIHW\$VVRFLDWLRQ
19+  1RLVH±9LEUDWLRQ+DUVKQHVV
36'  3RZHUVSHFWUXPGHQVLW\
5/6  5HFXUVLYHOHDVWVTXDUHV
5:6  $FWLYHUHDUZKHHOVWHHULQJ
6$  6WHHULQJDVVLVWDQFH
6&%  6OLSFRQWUROERRVW
689  6SRUWXWLOLW\YHKLFOH
7&  7UDFWLRQFRQWURO
7&6  7UDFWLRQFRQWUROV\VWHP
73&6  7\UHSUHVVXUHFRQWUROV\VWHP
79  7RUTXHYHFWRULQJ
79E%  7RUTXHYHFWRULQJE\EUDNLQJ
79'  7RUTXHYHFWRULQJGLIIHUHQWLDO
86  8QGHUVWHHU
:6&  :KHHOVOLSFRQWURO
9&8  9HKLFOHFRQWUROXQLW
9,  9HKLFOHWRLQIUDVWUXFWXUH
95  9HKLFOHWRURDG
99  9HKLFOHWRYHKLFOH
<0&  <DZPRPHQWFRQWURO

$E  DOEHGRYDOXH
D[  ORQJLWXGLQDODFFHOHUDWLRQ
D\  ODWHUDODFFHOHUDWLRQ
%X  FRQWUROHIIHFWLYHQHVVPDWUL[
FSI  SUHVVXUHUDWLREHWZHHQWKHIURQWOHIWDQGIURQWULJKWZKHHOV
FSU  SUHVVXUHUDWLREHWZHHQWKHUHDUOHIWDQGUHDUULJKWZKHHOV
FD  FRUQHULQJVWLIIQHVV
H  FRQWUROHUURU
(SHUI  REMHFWLYHIXQFWLRQRIWKHSHUIRUPDQFHFULWHULD
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV
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(VW  REMHFWLYHIXQFWLRQRIWKHVWDELOLW\FULWHULD
(0)  HOHFWURPRWLYHIRUFH
I  IXQFWLRQ
)G  IRUFHFRQVLGHULQJWKHURDGGLVWXUEDQFHV
)GULYHU  GULYHUFRQWURODFWLRQ
)HP  EUDNHIRUFHJHQHUDWHGE\HOHFWULFPRWRU
)K\GU  EUDNHIRUFHJHQHUDWHGE\K\GUDXOLFEUDNHV\VWHP
)U  UROOLQJUHVLVWDQFHIRUFH
)[  ORQJLWXGLQDOIRUFH
)\  ODWHUDOIRUFH
)]  YHUWLFDOIRUFH
J  DFFHOHUDWLRQRIJUDYLW\ZHLJKWLQJIDFWRU
*[  QRUPDOL]HGORQJLWXGLQDODFFHOHUDWLRQ
*\  QRUPDOL]HGODWHUDODFFHOHUDWLRQ
*V  WUDQVIHUIXQFWLRQ
+V  WUDQVIHUIXQFWLRQ
L  FXUUHQWSUHFLSLWDWLRQLQWHQVLW\
,Z  PRPHQWRIZKHHOLQHUWLD
-  FRVWIXQFWLRQ
NSUHG  FRUUHFWLRQFRHIILFLHQW
NO  VORSHRIIULFWLRQVOLSFXUYH
.  W\UHWRUVLRQDOVSULQJVWLIIQHVV
.%  EUDNHJDLQ
.3.,.' 3,'FRQWUROOHUJDLQV
/  YHKLFOHEDVH
P  YHKLFOHPDVV
PZ  ZKHHOPDVV
0]  W\UHVHOIDOLJQLQJWRUTXH
0\  \DZPRPHQWRIWKHYHKLFOH
SEU  EUDNHSUHVVXUH
SEU  SUHORDGEUDNHSUHVVXUH
3VPZ  VOLSSRZHU
3Z  LQVWDQWDQHRXVSRZHURIZKHHOV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV
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
U  W\UHUDGLXVJHQHUDOQRWDWLRQ
UG\Q  G\QDPLFW\UHUDGLXV
V  /DSODFHRSHUDWRUZKHHOVOLSLQIX]]\LQIHUHQFHV\VWHP
7EU  EUDNHWRUTXH
7F  URDGVXUIDFHWHPSHUDWXUH
7G  HTXLYDOHQWWRUTXHIURPURDGGLVWXUEDQFHV
7GHP  WRUTXHGHPDQG
7H  DPELHQWWHPSHUDWXUH
7HP  RXWSXWWRUTXHRIHOHFWULFPRWRU
7SUHG  SUHGLFWLYHWRUTXH
7UHDFW  UHDFWLYHWRUTXH
7Z  GULYHWRUTXH
X  FRPPDQGYDULDEOHFRQWUROGHPDQG
X&$  FRQWUROLQSXWYHFWRU
9  DEVROXWHYHKLFOHYHORFLW\
9FK  FKDUDFWHULVWLFYHKLFOHYHORFLW\
9HPI  EDFN(0)
9[  ORQJLWXGLQDOYHKLFOHYHORFLW\
9\  ODWHUDOYHKLFOHYHORFLW\
9Z  ZKHHOYHORFLW\
9O  VOLSYHORFLW\
Z  ZHLJKWLQJIDFWRUFRUUHFWLRQIDFWRU
[  RIIVHW
]  URDGGLVWXUEDQFHV
D  W\UHVOLSDQJOH
E  VLGHVOLSDQJOH
EW  EUDNHIRUFHGLVWULEXWLRQFRHIILFLHQW
J  IULFWLRQUDWHDFWXDO\DZUDWH
JWK  FRQWUROWKUHVKROGV
G  VWHHULQJDQJOHJHQHUDORIIVHW
GI  VWHHULQJDQJOHRIIURQWZKHHOV
H  FRQWUROHUURULQ$%6DOJRULWKPIURP6HFWLRQ
K  SRVLWLYHHVWLPDWRUJDLQ
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV

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
T  WUXWKYDOXHRIIX]]\YDULDEOH
TV  WRUVLRQDODQJOH
N  WH[WXUHPLFURSURILOH
O  ZKHHOVOLSJHQHUDOWH[WXUHPDFURSURILOH
OUHI  UHIHUHQFHZKHHOVOLS
O[  ORQJLWXGLQDOZKHHOVOLS
O  FRPELQHGZKHHOVOLS
  W\UHDGKHVLRQFRHIILFLHQW
DFW  DFWXDOW\UHURDGIULFWLRQFRHIILFLHQW
HQY  IULFWLRQFRHIILFLHQWE\WKHHQYLURQPHQWDOFRQGLWLRQV
HVW  HVWLPDWHGYDOXHRIWKHW\UHURDGIULFWLRQFRHIILFLHQW
SULP  SULPDU\FRHIILFLHQWRIW\UHIULFWLRQ
[  FRHIILFLHQWRIORQJLWXGLQDOW\UHIULFWLRQ
\  FRHIILFLHQWRIODWHUDOW\UHIULFWLRQ
Q  FRXUVHDQJOH
Q3,  SURSRUWLRQDOLQWHJUDOFRQWUROGHPDQG
QUHDFW  FRQWUROGHPDQGIRUUHDFWLYHWRUTXH
[GULYHUBGHP FRUUHFWLRQIDFWRU
U  PRLVWXUH
I  UROODQJOH
\  \DZDQJOH
Z  ZKHHOURWDWLRQDOYHORFLW\PRWRUVSHHG
:  \DZUDWHLQ$%6DOJRULWKPIURP6HFWLRQ
  FRQWUROWKUHVKROG
Ɛ  REVHUYHUJDLQ

 
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/,672)),*85(6

)LJXUH&RPPHUFLDOLPSOHPHQWDWLRQRIDFWLYHVDIHW\V\VWHPV 
)LJXUH*HQHULFW\UHIULFWLRQVOLSFXUYHV 
)LJXUH7\UHFRUQHULQJ 
)LJXUH±&KDUDFWHULVWLFVRIODWHUDOW\UHG\QDPLFV 
)LJXUH3DUDPHWHUVRIGLUHFWLRQDODQGUROOVWDELOLW\ 
)LJXUH*HQHULF\DZUDWHG\QDPLFV 
)LJXUH*HQHUDOFODVVLILFDWLRQRIDFWLYHVDIHW\V\VWHPV 
)LJXUH)LYHSKDVH$%6ORJLF 
)LJXUH&RPSDULVRQRIUXOHEDVHGDQGFRQWLQXRXV$%6RSHUDWLRQ 
)LJXUH*HQHUDOSULQFLSOHRIFRUUHFWLQJ\DZPRPHQWJHQHUDWLRQ 
)LJXUH([DPSOHRIEUDNHEDVHG\DZPRPHQWFRQWUROOD\RXW 
)LJXUH([DPSOHRIVWDELOLW\FRQWUROV\VWHPDUFKLWHFWXUH 
)LJXUH0RGLILFDWLRQRIYHKLFOHXQGHUVWHHUWKURXJKWRUTXHYHFWRULQJ 
)LJXUH±(IIHFWRIRSWLPDOVXVSHQVLRQFRQILJXUDWLRQRQVWRSSLQJGLVWDQFHUHGXFWLRQ
)LJXUH±5ROODQJOHDQGUROOUDWHE\GLIIHUHQWV\VWHPFRQILJXUDWLRQV 
)LJXUH3URVSHFWLYHWRSLFVIRUDFWLYHVDIHW\ 
)LJXUH'2)YHKLFOHPRGHO 
)LJXUH(VWLPDWHGNOYDOXHGXULQJDEUDNLQJPDQRHXYUH 
)LJXUH([DPSOHVRISRZHUVSHFWUXPGHQVLW\RIZKHHOYHORFLW\IRUGLIIHUHQWVXUIDFHV 
)LJXUH([DPSOHRIEUDNHJDLQHVWLPDWLRQIURP 
)LJXUH([DPSOHRIIULFWLRQFRHIILFLHQWPHDVXUHPHQW 
)LJXUH$FRXVWLFLGHQWLILFDWLRQRIURDGVXUIDFH 
)LJXUH1RLVHHYROXWLRQDQGQRLVHVSHFWUDIRUILYHGLIIHUHQWURDGWUDFNVDQDO\VHGIRU WKH
YHKLFOHVSHHGRINPK 
)LJXUH)UHTXHQF\VSHFWUXPRIZKHHOYLEUDWLRQLQGRPDLQN+]
)LJXUH   7KH UDWLR GLVWULEXWLRQV RI UHDOOLIH PHDVXUHPHQWV ZLWK WKH 5RDG (\H VHQVRU
LQVWDOOHGRQWKHWHVWYHKLFOH 
)LJXUH&RQFHSWRILQWHJUDWHGV\VWHPIRUURDGIULFWLRQLGHQWLILFDWLRQ 
)LJXUH&RQFHSWRIVXUIDFHDQDO\VHU 
)LJXUH,QIRUPDWLRQVWUXFWXUHRIIX]]\W\UHURDGIULFWLRQPRGHO 
)LJXUH'HVFULSWLRQRIYDULDEOHVLQIX]]\LQIHUHQFHV\VWHP³7H[WXUH´ 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV
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)LJXUH([DPSOHRIIX]]\VXUIDFHUXOHV 
)LJXUH'HVFULSWLRQRIYDULDEOHVLQIX]]\LQIHUHQFHV\VWHP³(QYLURQPHQW´ 
)LJXUH)UDJPHQWVRIVXUIDFHRIIX]]\UXOHVIRUWKHIX]]\LQIHUHQFHV\VWHP³(QYLURQPHQW´ 
)LJXUH$UFKLWHFWXUHRIDGYDQFHG(6&V\VWHP 
)LJXUH   +,/ EUDNH WHVW ULJ RI WKH VW JHQHUDWLRQ DW $XWRPRWLYH (QJLQHHULQJ *URXS
7HFKQLVFKH8QLYHUVLWlW,OPHQDX 
)LJXUH5HVXOWVRI+,/VLPXODWLRQRIVWUDLJKWOLQHEUDNLQJRQLFH 
)LJXUH5HVXOWVRI+,/VLPXODWLRQRIVWUDLJKWOLQHEUDNLQJRQDVSKDOWZLWKKLJKZDWHUILOP 
)LJXUH5HVXOWVRI+,/VLPXODWLRQRIVWUDLJKWOLQHEUDNLQJZLWKUHGXFWLRQRIIULFWLRQ 
)LJXUH5HVXOWVRI+,/VLPXODWLRQRIWKHODQHFKDQJHPDQHXYHU 
)LJXUH,QWHJUDWHGFRQWUROZLWKGULYHUDQGHQYLURQPHQWDODGDSWDWLRQ
)LJXUH(IIHFWLYHUDQJHRIGLIIHUHQWFRQWUROV\VWHPV
)LJXUH&RQQHFWLRQRILQWHJUDWHGFRQWURODQGDFFHOHUDWLRQOLPLWV 
)LJXUH3RVVLEOHLQWHJUDWLRQRIVXEV\VWHPVIRU(6& 
)LJXUH&RPSDULVRQRIFRUQHULQJHIIHFWVIURPGLIIHUHQWVXEV\VWHPV 
)LJXUH2YHUYLHZRIV\VWHPV\DZWRUTXHSRWHQWLDOLQ1P 
)LJXUH$IUDPHRIUHIHUHQFHRIJURXQGYHKLFOHG\QDPLFV 
)LJXUH6WUXFWXUHRILQWHJUDWHGEUDNHDQGVXVSHQVLRQFRQWURO 
)LJXUH%ORFNGLDJUDPRI LQWHJUDWHGDFWLYHIURQWVWHHULQJDQGGLUHFW\DZFRQWUROV\VWHP
)LJXUH   ,QWHJUDWHG FRQWUROOHU IRU LQWHJUDWLRQ RI(6&ZLWK DFWLYH IURQW DQG UHDU VWHHULQJ
V\VWHPV
)LJXUH   6LGHVOLS DQJOH  \DZ UDWH UDWLR YHUVXV YHKLFOH YHORFLW\ IRU GLIIHUHQW V\VWHP
FRQILJXUDWLRQV
)LJXUH,QWHJUDWHGFRQWURODUFKLWHFWXUHZLWKVWHHUE\ZLUHV\VWHP 
)LJXUH,QWHJUDWHGDFWLYHVWHHULQJDQGEUDNHFRQWURO
)LJXUH   'HILQLWLRQ RI WDUJHW UHIHUHQFH IRUFH DQG PRPHQW IRU LQWHJUDWHG V\VWHPV LQ
DFFRUGDQFHZLWKW\UHIULFWLRQHOOLSVHV 
)LJXUH,QWHJUDWLRQYDULDQWRIDFWLYHVXVSHQVLRQDQGEUDNHFRQWURO 
)LJXUH'LIIHUHQWUHJLRQVLQEGEGWSKDVHSODQIRUWKHUXOHEDVHGLQWHJUDWLRQVFKHPH 
)LJXUH$FWLYDWLRQIXQFWLRQXVHGIRUWKHLQWHJUDWLRQRIWRUTXHYHFWRULQJDQGDFWLYHVWHHULQJ 
)LJXUH0XOWLOD\HUYHKLFOHG\QDPLFVFRQWUROV\VWHP 
)LJXUH([DPSOHRIDGPLVVLEOHFRQWUROUHJLRQDQGFRQWURODFWLYDWLRQUXOHV 
)LJXUH%ORFNGLDJUDPRILQWHJUDWHGYHKLFOHG\QDPLFVFRQWURODOJRULWKP 
)LJXUH'2)YHKLFOHPRGHOOD\RXW 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
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)LJXUH6LQHZLWK'ZHOOPDQRHXYUHIRUGLIIHUHQWVXEV\VWHPFRQILJXUDWLRQV 
)LJXUH1XPHULFDOLQGLFDWRUVRIV\VWHPSHUIRUPDQFHIRU6LQHZLWK'ZHOOPDQRHXYUH 
)LJXUH±3DUDPHWHUVRIYHKLFOHG\QDPLFVE\GLIIHUHQWLQWHJUDWLRQVWUDWHJLHV 
)LJXUH±&RQWUROHUURUVIRUGLIIHUHQWLQWHJUDWLRQVWUDWHJLHV 
)LJXUH%ORFNGLDJUDPRILQWHJUDWHGV\VWHPIRUHOHFWULFYHKLFOH 
)LJXUH'2)YHKLFOHPRGHOOD\RXW 
)LJXUH,QWHJUDWHG+,/WHVWULJDQGLWVFRPSRQHQWV 
)LJXUH9HKLFOHRSHUDWLRQFKDUDFWHULVWLFVDQGVXEV\VWHPDFWXDWLRQ
)LJXUH3RZHUWUDLQDUFKLWHFWXUHRIIXOO\HOHFWULFYHKLFOHV 
)LJXUH0RGHOEDVHGWUDFWLRQFRQWUROOHU 
)LJXUH$GKHUHQFHJUDGLHQWFRQWUROOHU
)LJXUH%DVLF077(FRQWUROOHU
)LJXUH0RGLILHG077(FRQWUROOHU
)LJXUH   6OLS UDWLR REVHUYHU VOLS UDWLR HVWLPDWRU DQG VOLS FRQWUROOHUZLWKRXW GHWHFWLRQ RI
YHKLFOHYHORFLW\
)LJXUH6OLSFRQWUROOHUZLWKEDFNHOHFWURPRWLYHIRUFH 
)LJXUH/LQHDUL]HGWUDFWLRQFRQWUROOHU 
)LJXUH&RPSRVLWH$%6FRQWUROOHU
)LJXUH,WHUDWLYHOHDUQLQJ$%6FRQWUROOHU 
)LJXUH,OOXVWUDWLRQWRSDWHQWGRFXPHQW86 
)LJXUH'HVLJQRIZKHHOXQLWZLWKLQWHJUDWHGHOHFWULFPRWRU 
)LJXUH5HVXOWVRI$%6EUDNLQJRQORZIULFWLRQURDG  
)LJXUH,QVWDOODWLRQRIZKHHOKXEHOHFWULFPRWRUVRQHOHFWULFURDGVWHUYHKLFOH 
)LJXUH'LDJUDPVRI$%6EUDNLQJRIHOHFWULFURDGVWHUYHKLFOH 
)LJXUH7HVWYHKLFOH 
)LJXUH$UFKLWHFWXUHRIHOHFWURK\GUDXOLFEUDNHV\VWHP
)LJXUH6LPSOLILHGVWUXFWXUHRIYHKLFOHFRQWUROOHU 
)LJXUH:KHHOVOLSFRQWUROOHUDUFKLWHFWXUH 
)LJXUH%UDNLQJGLDJUDPV(OHFWURK\GUDXOLF$%6RQERWKD[OHV 
)LJXUH%UDNLQJGLDJUDPV&RQWLQXRXVUHJHQHUDWLYH$%6RQIURQWZKHHOVRQO\ 
)LJXUH%UDNLQJGLDJUDPV%OHQGHGFRQWLQXRXVUHJHQHUDWLYHDQGK\GUDXOLF$%6RQIURQW
ZKHHOVK\GUDXOLF$%6RQUHDUZKHHOV 
)LJXUH'LVWULEXWLRQRIZKHHOVOLSGXULQJWKHEUDNLQJSURFHVVIURPNPK
)LJXUH'LDJUDPVRIWUDQVLWLRQEUDNLQJ 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

/,672)7$%/(6

7DEOH(IIHFWLYHQHVVRI(6&V\VWHPV 
7DEOH,QIOXHQFHRIYDULRXVIDFWRUVRQW\UHIULFWLRQDQGVOLS 
7DEOH,QIOXHQFHRIYDULRXVIDFWRUVRQSDUDPHWHUVRIODWHUDOW\UHG\QDPLFV 
7DEOH7KHYDULDQWVRIOLQJXLVWLFDWWULEXWHVZLWKUHJDUGWRWKHGHVFULSWLRQIURP)LJXUHF 
7DEOH5HVXOWVRI+,/VLPXODWLRQIRUVWUDLJKWOLQHEUDNLQJ 
7DEOH5HVXOWVRI+,/VLPXODWLRQRIODQHFKDQJHPDQHXYHU 
7DEOH6WDWHEDVHG,0& 
7DEOH%UDNHGLVWDQFHDQGDYHUDJHGHFHOHUDWLRQ 

 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

,1752'8&7,21

,PSURYHPHQWRIYHKLFOHVDIHW\LVVWLOODQXUJHQWSUREOHPLQPRGHUQVRFLHW\,QDFFRUGDQFHZLWK
GDWDRIWKH*OREDO5RDG6DIHW\3DUWQHUVKLS>@DERXWPLOOLRQSHRSOHDUHNLOOHGDQGIURP
WRPLOOLRQSHRSOHDUHLQMXUHGHYHU\\HDULQURDGDFFLGHQWV7KHUHVXOWLQJGLUHFWDQGLQGLUHFW
HFRQRPLFGDPDJHVFDQEH\HDUO\HVWLPDWHGDV!86ELOOLRQDVHVWLPDWHGE\:RUOG+HDOWK
2UJDQL]DWLRQLQWKDWFRVWVJRYHUQPHQWVXSWRRIWKHLU*URVV1DWLRQDO3URGXFW7KLV
VLWXDWLRQDWWUDFWVFRQVLGHUDEOHDWWHQWLRQERWKRISXEOLFDQGSULYDWHVHFWRUVDVZHOODVSROLF\
PDNHUV,QSDUWLFXODUWKH(XURSHDQ5RDG6DIHW\$FWLRQ3ODQIL[HGWKHWDUJHWRIKDOYLQJWKH
RYHUDOOQXPEHURIURDGGHDWKVLQWKH(XURSHDQ8QLRQE\VWDUWLQJIURP>@7RUHDFK
WKHVHDQGRWKHUWDUJHWVIRUEHWWHUURDGVDIHW\DQXPEHURIHIIHFWLYHPHDVXUHVLVEHLQJSURSRVHG
7KH\FRQFHUQHVVHQWLDOO\LPSURYHPHQWRIURDGLQIUDVWUXFWXUHDGYDQFHGWUDLQLQJRIURDGXVHUV
WHFKQRORJLHV RI ,QWHOOLJHQW 7UDQVSRUW 6\VWHPV ,76 DQG HIILFLHQW HQJLQHHULQJ VROXWLRQV IRU
YHKLFOHVDIHW\

7KHODWWHUPHDVXUHVFDQEHFRQVLGHUHGDVWKHPRVWLPSDFWIXOZD\WRHQKDQFHWKHVDIHW\DQGWKLV
IDFWRU MXVWLILHV LQWHQVLYH LQYHVWPHQWV LQ UHVHDUFK DQG GHYHORSPHQW RI UHOHYDQW DXWRPRWLYH
V\VWHPVDQGGHYLFHV7KHGHVLJQRIYHKLFOHVGHDOVLQWKLVUHVSHFWZLWKSDVVLYHDQGDFWLYHVDIHW\
7KH SDVVLYH VDIHW\ UHIHUV WR WKH FRQVWUXFWLRQDO IHDWXUHV RI WKH YHKLFOH ZKLFK GHWHUPLQH
SUREDELOLW\DQGFKDUDFWHURIGDPDJHVLQWKHFDVHRIDURDGDFFLGHQW7KHSDVVLYHVDIHW\PHDVXUHV
DVVDIHW\EHOWVDQGDLUEDJVDLPDWSURWHFWLRQRIWKHGULYHUDQGWKHSDVVHQJHUVIURPVHYHUHFUDVK
LQMXULHV7KHDFWLYHVDIHW\UHODWHVWRSUREDELOLW\RIWKHDFFLGHQWRFFXUUHQFHDQGGHSHQGVRQEUDNH
HIILFLHQF\VWDELOLW\KDQGOLQJDQGRWKHUDWWULEXWHVRIYHKLFOHG\QDPLFV7KHLPSRUWDQFHRIDFWLYH
VDIHW\ LQ WHUPV RI FRQWUROODEOH YHKLFOH G\QDPLFV FDQ EH FRQILUPHG E\ 7R\RWD
V GDWD >@
HVWLPDWLQJWKDWRIVHULRXVDFFLGHQWVDUHFDXVHGE\WKHORVVRIFRQWUROGULYLQJVLWXDWLRQV
$PRQJWKHPRIFULWLFDOVLWXDWLRQVDUHUHODWHGWRVXFKIDFWRUVDVZKHHOEORFNLQJDWEUDNLQJ
VNLGGLQJ RI GULYLQJ ZKHHOV FKDQJH RI URDG VXUIDFH FRQGLWLRQV DQG LQDGHTXDWH VWHHULQJ
PDQRHXYUHV $ QHJDWLYH LQIOXHQFH RI WKH OLVWHG IDFWRUV FRXOG EH HVVHQWLDOO\ PLQLPL]HG RU
HOLPLQDWHGE\WKHRSHUDWLRQRIDFWLYHV\VWHPV

0RGHUQ YHKLFOHV DUH EHLQJ HTXLSSHG ZLWK GLIIHUHQW DXWRPRWLYH FRQWURO V\VWHPV ZKLFK DUH
UHVSRQVLEOHIRUPDLQWHQDQFHRIWKHDFWLYHVDIHW\)LJXUHLOOXVWUDWHVSURJUHVVLQGHYHORSPHQW
RI FRPPHUFLDO DXWRPRWLYH DFWLYH VDIHW\ V\VWHPV 1RZDGD\V LQ DFFRUGDQFH ZLWK 81(&(
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

5HJXODWLRQ1RPDQ\FODVVHVRIYHKLFOHVDUHREOLJHGZLWKWKHPDQGDWRU\LQVWDOODWLRQRIDQWL
ORFNEUDNLQJV\VWHPV$%6DQGHOHFWURQLFVWDELOLW\FRQWURO(6&7KLVLVGXHWRWKHIDFWWKDW
DOUHDG\WKHILUVWYDULDQWVRIDFWLYHVDIHW\V\VWHPVKDYHVKRZQDPDWHULDOHIIHFW)RULQVWDQFH
7DEOHSUHVHQWVFRUUHVSRQGLQJVWDWLVWLFDOGDWDIURPGLIIHUHQWLQWHUQDWLRQDOVRXUFHV


)LJXUH&RPPHUFLDOLPSOHPHQWDWLRQRIDFWLYHVDIHW\V\VWHPV

7DEOH(IIHFWLYHQHVVRI(6&V\VWHPV
(IIHFW 9DOXH &RXQWU\
DQDO\VHGSHULRG
)DWDOFUDVKUHGXFWLRQE\(6&IRU
 5XQRIIURDGDFFLGHQWV
 6LQJOHYHKLFOHDFFLGHQWV
 5ROORYHUV
&DUV/LJKWWUDQVSRUWYHKLFOHV



86$>@
$FFLGHQWUDWHUHGXFWLRQE\(6&IRU
 6LQJOHFDUDFFLGHQWV
 +HDGRQFROOLVLRQV

a
a
-DSDQ>@
$FFLGHQWUDWHUHGXFWLRQE\(6&IRU
 6HULRXVFUDVKHV
 &UDVKHVZLWKIDWDOLWLHV



8.>@
2YHUDOO(6&HIIHFWLYHQHVVLQDFFLGHQWUDWH
UHGXFWLRQRQ
 ,F\URDGV
 :HWURDGV
 'U\URDGV





8.>@
$FFLGHQWUDWHUHGXFWLRQE\(6&IRU
 &DUFUDVKHVRIDOOVHYHULWLHV
 &DUUROORYHUFUDVKHVRIDOO
VHYHULWLHV



1HZ=HDODQG	
$XVWUDOLDILYH
VHOHFWHGVWDWHV
>@
$FFLGHQWUDWHUHGXFWLRQE\(6&IRU
 6LQJOHYHKLFOHDFFLGHQWV
 0XOWLSDUWDFFLGHQWV

a«HVWLPDWHG
aHVWLPDWHG
(8
XQWLO>@

$Q DQDO\VLV RI UHFHQW UHVHDUFK UHYLHZ OLWHUDWXUH DV ZHOO DV WHFKQRORJLFDO WUHQGV DOORZV
FRQFOXGLQJWKDWIXUWKHUGHYHORSPHQWRIDFWLYHVDIHW\V\VWHPVLVFORVHO\FRQQHFWHGZLWKWKUHH
PDLQDUHDV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

 QHZ VHQVRU WHFKQLTXH DQG HOHPHQWV RI URDG LQIUDVWUXFWXUH IRU PHDVXUHPHQW DQG
HVWLPDWLRQRISDUDPHWHUVRIW\UHURDGLQWHUDFWLRQDQGYHKLFOHG\QDPLFV
 LQWHJUDWLRQ RI DFWLYH FKDVVLV DQG GULYHOLQH VXEV\VWHPV WR WDUJHW DQ DGYDQWDJH LQ
VLPXOWDQHRXV LPSURYHPHQW RI VDIHW\ HQHUJ\ HIILFLHQF\ DQG RWKHU IDFWRUV RI YHKLFOH
SHUIRUPDQFH
 WKH XVH RI HOHFWULF SRZHUWUDLQV LQ YHKLFOH WUDFWLRQ EUDNLQJ DQG VWDELOLW\ FRQWURO WKDW
UHTXLUHVUHGHVLJQLQJWKHDUFKLWHFWXUHRIDFWLYHVDIHW\V\VWHPV

,QWKHOLJKWRIVWDWHGLQWURGXFWRU\LQIRUPDWLRQWKHVWUXFWXUHRIWKHSUHVHQWHGZRUNLVGHILQHGDV
IROORZV &KDSWHU  LQWURGXFHV IXQGDPHQWDO VXEMHFWV RI JURXQG YHKLFOH G\QDPLFV ZKLFK
LQIOXHQFHDFWLYHVDIHW\RIWKHYHKLFOH,QSDUWLFXODUUHOHYDQWVHFWLRQVFRQVLGHULLQWHUDFWLRQRI
WKHUROOLQJW\UHZLWKWKHURDGVXUIDFHDVZHOODVLLORQJLWXGLQDODQGODWHUDOYHKLFOHG\QDPLFV
$OVR&KDSWHUJLYHVDVXUYH\RQIXQFWLRQDOLW\RIDFWLYHVDIHW\V\VWHPVIURPYLHZSRLQWRIWKHLU
FRQWURODUFKLWHFWXUH7KHFRQWHQWDGGUHVVHVVHTXHQWLDOO\WKHEUDNHWUDFWLRQDQGVWDELOLW\FRQWURO
V\VWHPV&KDSWHULVFRQFHUQHGZLWKPHWKRGVDQGWRROVIRUGHILQLWLRQRIW\UHURDGLQWHUDFWLRQ
SDUDPHWHUV DV WKHPRVW LPSRUWDQW LQIRUPDWLRQ IRU DOJRULWKPV RI DFWLYH VDIHW\ V\VWHPV 7KH
LGHQWLILFDWLRQRIW\UHVXUIDFHIULFWLRQLVSDUWLFXODUO\GLVFXVVHG&KDSWHUJLYHVWKHSURVSHFWVIRU
HQKDQFHPHQW RI DFWLYH VDIHW\ WKURXJK LPSOHPHQWDWLRQ RI WKH LQWHJUDWHG YHKLFOH G\QDPLFV
FRQWURO 6SHFLDO DWWHQWLRQ LV JLYHQ KHUH WR QHZ YDULDQWV RI V\VWHP DUFKLWHFWXUH XVLQJ DFWLYH
FKDVVLVVXEV\VWHPV&KDSWHU LVGHYRWHGWRDFWLYHVDIHW\V\VWHPVIRUHOHFWULFYHKLFOHV%RWK
VWDWHRIWKHDUWDQGVHYHUDOUHFHQWRULJLQDOVROXWLRQVDUHEHLQJGHVFULEHG

 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
$872027,9($&7,9(6$)(7<6<67(06%$6,&,1)250$7,21

$FWLYH6DIHW\LQ&RQWH[WRI7\UHDQG9HKLFOH'\QDPLFV

7KH FDXVH RI PDQ\ FULWLFDO VLWXDWLRQV DW GULYLQJ LV WKH YHKLFOH PRWLRQ FORVH WR SK\VLFDO
OLPLWDWLRQV 7KHVH OLPLWDWLRQV EHDU RQ ERWK W\UHURDG LQWHUDFWLRQ G\QDPLFV DQG YHKLFOH
G\QDPLFV LQ JHQHUDO 1H[W SDUDJUDSKV LQWURGXFH WKH PDLQ W\UH DQG YHKLFOH G\QDPLFV
SDUDPHWHUVXVHGLQDFWLYHVDIHW\FRQWURODOJRULWKPV

7\UHIULFWLRQDQGVOLS

$W\UHLVLQWKHHIIHFWWKHILQDOFRQWUROREMHFWRIDQ\DFWLYHVDIHW\V\VWHP5HJDUGOHVVRIWKHW\SH
RI WKH YHKLFOHPDQRHXYUH UHTXLUHG FRQWURO DFWLRQV FRUUHFW SUDFWLFDOO\ WKH EUDNH RU WUDFWLRQ
WRUTXHVDSSOLHGWRW\UHV$VUHVXOWRIDQH[WHUQDOWRUTXHDSSOLFDWLRQVOLSSURFHVVHVRFFXUE\WKH
LQWHUDFWLRQRIWKHW\UHZLWKWKHURDGVXUIDFH0DQ\IXQGDPHQWDOVWXGLHVRQW\UHIULFWLRQKDYH
GHHSO\LQYHVWLJDWHGWKHQDWXUHRIWKHZKHHOVOLS,QWKLVUHJDUGWKHZRUNVRI&ODUN>@*URVFK
>@.XPPHU>@0RRUH>@3HUVVRQ>@GHVHUYHDSDUWLFXODUDWWHQWLRQ'HVSLWHH[LVWLQJ
YDULHW\RIWKHRUHWLFDODSSURDFKHVPRVWRIVWXGLHVFRQVLGHUWKDWSKHQRPHQDLQWKHFRQWDFWRIWKH
GHIRUPDEOHUROOLQJW\UHZLWKWKHURDGVXUIDFHEHORQJWRSURFHVVHVRIH[WHUQDOIULFWLRQZKHUHWKH
W\UHJULSDVZHOODV HQHUJ\GLVVLSDWLRQ LQ WKH W\UHURDGFRQWDFWDUHGHILQHGE\DGKHVLRQDQG
K\VWHUHVLV GHIRUPDWLRQUHODWHG IULFWLRQSURFHVVHV >@ >@$QH[FHVVRIVKHDULQJVWUHVVHV
RYHUDGKHVLRQIRUFHVLQWKHW\UHURDGFRQWDFWFDXVHVWKHVOLSRIUXEEHUHOHPHQWV%HFDXVHRIWKH
VOLSWKHORQJLWXGLQDOYHKLFOHYHORFLW\9[LVLQFRQVLVWHQWZLWKWKHFLUFXPIHUHQWLDOYHORFLW\RIWKH
W\UHZU7KLVGLIIHUHQFHGHILQHVWKHVOLSYHORFLW\9O

EUDNLQJPRGH
WUDFWLRQPRGH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
ZKHUHZLVWKHZKHHOURWDWLRQYHORFLW\UG\QLVWKHG\QDPLFW\UHUROOLQJUDGLXV,QDGLPHQVLRQOHVV
IRUPWKHVOLSFDQEHZULWWHQDV

[9 9OO        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
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2QHRIWKHPRVWLPSRUWDQWW\UHFKDUDFWHULVWLFVXVHGLQFRQWURODOJRULWKPVRIDXWRPRWLYHDFWLYH
VDIHW\V\VWHPVLVWKHGHSHQGHQFHRIORQJLWXGLQDOFRHIILFLHQWRIW\UHIULFWLRQ[IURPWKHVOLSWKH
FRHIILFLHQW[FDQEHFDOFXODWHGDVUDWLRRIORQJLWXGLQDODQGQRUPDOW\UHIRUFHV)[)])LJXUH
VKRZVWKHW\UHDGKHVLRQFRHIILFLHQWLQUHODWLRQWR WKHVOLS7KHVDPHTXDOLWDWLYHEHKDYLRXULV
DOVRYDOLGIRUWKHFRHIILFLHQWRIW\UHIULFWLRQ[



)LJXUH*HQHULFW\UHIULFWLRQVOLSFXUYHV
JOD]HLFHVQRZZHWFREEOHGURDGZD\ZHWZRUQRXWDVSKDOWGU\FREEOHGURDGZD\
GU\FRQFUHWHURDG

5HIHUULQJ WR)LJXUH WKH IULFWLRQVOLS FXUYHVKDYH LQLWLDOO\ D QHDUOLQHDU JUDGLHQW7KH W\UH
UROOLQJ LQ WKLV DUHD ZLWK VPDOO YDOXHV RI VOLS LV IDYRXUDEOH IRU YHKLFOH VWDELOLW\ +RZHYHU
PD[LPXPEUDNLQJRUWUDFWLRQSHUIRUPDQFHWDNHVSODFHLQWKHH[WUHPXPDUHDRIFRUUHVSRQGLQJ
IULFWLRQVOLSFXUYH$IWHUWKHPD[LPXPWKHFRHIILFLHQWRIIULFWLRQGHFUHDVHV7KHSRVWH[WUHPXP
SDUWFRUUHVSRQGV WR WKHPRVWDGYHUVHFRQGLWLRQVRIYHKLFOHPRWLRQ ,Q WKLVDUHD WKH W\UHFDQ
UDSLGO\FRPHWRWKHIXOOVOLSO WKDWPHDQVWKHZKHHOEORFNLQJDWEUDNLQJRUWKHZKHHOVSLQDW
YHKLFOH DFFHOHUDWLRQ 7KLV FDQ OHDG WR VNLGGLQJ RI WKH YHKLFOH DQG LQIOXHQFHV QHJDWLYHO\ RQ
YHKLFOHVWDELOLW\KDQGOLQJGULYLQJFRPIRUWDQGW\UHZHDULQJ+HQFHWKHILUVWWDUJHWRIWKHDFWLYH
VDIHW\FRQWUROFDQEHDVIROORZV7RNHHSWKHW\UHUROOLQJDVFORVHDVSRVVLEOHWRWKHVOLSYDOXHV
FRUUHVSRQGLQJWRWKHPD[LPXPRIIULFWLRQFRHIILFLHQW

0DMRUFKDOOHQJHIRUWKHIRUPXODWHGVDIHW\FRQWUROWDUJHWFRQVLVWVLQGHILQLWLRQRIWKHPD[LPXP
RI IULFWLRQ FRHIILFLHQW DQG LQ SURSHU WUDFNLQJ RI UHOHYDQW UHIHUHQFH VOLS ,W LV HYLGHQW IURP
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa
IULFWLRQVOLSFXUYHVRQ)LJXUHWKDWWKHSRVLWLRQRIWKHIULFWLRQPD[LPXPLVVLJQLILFDQWO\YDULHG
GHSHQGLQJRQW\SHRIURDGVXUIDFH0RUHRYHULQVRPHFDVHVDVWKHLFHURDGWKHH[WUHPXPRI
WKHFXUYHFDQQRWEHVKDUSO\GHILQHG7KHGULIWRIPD[LPXPIULFWLRQFRHIILFLHQWRUFRUUHVSRQGLQJ
UHIHUHQFHVOLSDUHDLVDOVRVXEMHFWHGWRYDULRXVIDFWRUV%DVHGRQUHVXOWVRINQRZQVWXGLHV7DEOH
VXPPDUL]HVWKHPRVWUHOHYDQWLQIOXHQFHV

7DEOH,QIOXHQFHRIYDULRXVIDFWRUVRQW\UHIULFWLRQDQGVOLS
)DFWRU 5HIHUHQFHV 0D[LPXPIULFWLRQ 5HIHUHQFHRSWLPDOVOLS
,QFUHDVHRIZKHHOORDG >@>@ GHFUHDVHG GHFUHDVHG
,QFUHDVHRIW\UHLQIODWLRQ >@>@>@
PL[HGGULIW
GHFUHDVHGLQFUHDVHG LQFUHDVHG
*URZWKRIZDWHUILOPRQZHW
URDG >@>@ GHFUHDVHG PDUJLQDOLQIOXHQFH
+LJKHULQLWLDOYHORFLW\DW
EUDNLQJ >@ GHFUHDVHG PDUJLQDOLQIOXHQFH
,QFUHDVHRIYHORFLW\LQD
WUDFWLRQPRGH >@>@ GHFUHDVHG QRWLQGLFDWHG
'HFUHDVHRIVXUIDFH
WHPSHUDWXUHRQLFH >@ LQFUHDVHG PDUJLQDOLQIOXHQFH
,QFUHDVHRIGU\VXUIDFH
WHPSHUDWXUH >@ GHFUHDVHG QRWLQGLFDWHG
,QFUHDVHRIWUHDGVWLIIQHVV >@ LQFUHDVHG GHFUHDVHG
:HDULQJRIWUHDG >@ GHFUHDVHG QRWLQGLFDWHG

$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa
'LIIHUHQW IDFWRUV FDQ DOVR VLPXOWDQHRXVO\ DIIHFW W\UH G\QDPLFV GXULQJ WKH GULYLQJ ZLWK
FRQWLQXRXVVKLIWLQJRIRSWLPDOW\UHVOLSDUHDWKDWFRPSOLFDWHVDFWLYHVDIHW\FRQWURO7KHUHIRUH
WKH FRQWURO VWUDWHJLHV RI DFWLYH VDIHW\ V\VWHPV VKRXOG LQFOXGH UHOLDEOH PHFKDQLVPV RI W\UH
IULFWLRQHVWLPDWLRQDQGVOLSWDUJHWDGDSWDWLRQ

7\UHFRUQHULQJSURSHUWLHV

7\UHFRUQHULQJG\QDPLFVKDVDFUXFLDOLQIOXHQFHRQYHKLFOHVWDELOLW\DQGKDQGOLQJ,QWKLVUHJDUG
DUHTXLUHGFRPSRQHQWRIFRQWUROVWUDWHJLHVRIPDQ\DFWLYHVDIHW\V\VWHPVLVWKHHVWLPDWLRQRI
VXFKSDUDPHWHUV OLNH W\UHVOLSDQJOHD DQG ODWHUDOFRHIILFLHQWRI W\UHIULFWLRQ\$QDO\VLVRI
UHVHDUFK OLWHUDWXUH VKRZV WKDW GLIIHUHQW PHWKRGRORJLHV DUH SURSRVHG IRU GHVFULSWLRQ DQG
PRGHOOLQJRI W\UH FRUQHULQJSURSHUWLHV$PDMRU FRQWULEXWLRQ WR WKLV WRSLFKDVEHHQGRQH LQ
SDUWLFXODULQVWXGLHVRI)LDOD>@3DFHMND>@3HQJHWDO>@6DNDL>@DQG6HJHO>@7KH
SURFHVVRI W\UHFRUQHULQJFDOOV IRU WKHVOLSRI UXEEHUHOHPHQWV LQ W\UHURDGFRQWDFW LQ ODWHUDO
GLUHFWLRQ$V D UHVXOW WKH W\UH WUDMHFWRU\ YHORFLW\ GHYLDWHV IURP ORQJLWXGLQDO D[LV RIZKHHO
KHDGLQJRQDFHUWDLQVOLSDQJOHD)LJXUHD,QWKLVFDVHWKHW\UHLVUROOLQJZLWKWKHFRPELQHG
VOLSZKLFKFDQEHGHGXFHGIURPYHORFLW\WHUPVVKRZQLQ)LJXUHEF8VLQJ(TVIRU
WKHJHQHUDOVOLSOWKHORQJLWXGLQDOO[DQGFRPELQHGVOLSOFDQEHZULWWHQDV

FRV[O O D  
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
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
D


EF
)LJXUH7\UHFRUQHULQJGHILQLWLRQRIVLGHVOLSDDQGYHORFLW\WHUPVLQEUDNLQJEDQGWUDFWLRQF
PRGHV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa
7KHPDLQFKDUDFWHULVWLFVRIODWHUDOW\UHG\QDPLFVDUHUHODWLRQVEHWZHHQWKHODWHUDOFRHIILFLHQWRI
W\UHIULFWLRQ\ WKHVOLSDQG WKHVOLSDQJOH)LJXUH%\DQDORJ\ZLWK WKH[SDUDPHWHU WKH
FRHIILFLHQW\LVGHILQHGDVUDWLRRIWKHODWHUDODQGQRUPDOW\UHIRUFHV)\)],WFDQEHVHHQIURP
)LJXUH E WKDW WKH \DGHSHQGHQFH KDV LQLWLDO OLQHDU JUDGLHQW DOVR NQRZQ DV WKH W\UH
FRUQHULQJVWLIIQHVVFD

\F G GD D 

D E
F

)LJXUH±&KDUDFWHULVWLFVRIODWHUDOW\UHG\QDPLFV
D5HODWLRQRIODWHUDOFRHIILFLHQWRIIULFWLRQDQGORQJLWXGLQDOVOLSUHHGLWHGIURP>@
EUHODWLRQRIODWHUDOFRHIILFLHQWIULFWLRQDQGVLGHVOLSDQJOHUHSURGXFHGIURP>@GU\URXJK
FRQFUHWHGU\VPRRWKFRQFUHWHVQRZFRYHUURXJKLFHFRYHU
FERWWRPOHIW±UHODWLRQRIORQJLWXGLQDODQGODWHUDOIRUFHVLQWKHIRUPRIWKH.DPP¶VFLUFOH

7KHJURZWKRIWKHW\UHVLGHVOLSDQJOHKDVDQHJDWLYHLQIOXHQFHRQWKHYHKLFOHVDIHW\HYHQE\
ORZYDOXHVRIWKHORQJLWXGLQDOVOLS)LUVWO\ WKLVFDOOVIRULQFUHDVHRIWKHODWHUDOFRHIILFLHQWRI
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

IULFWLRQ \ WKDW UHGXFHV VLPXOWDQHRXVO\ PD[LPXP UHDOL]DEOH ORQJLWXGLQDO W\UHURDG FRQWDFW
IRUFH6HFRQGO\WKH\DFXUYHVDUHEHLQJWXUQHGDWKLJKDYDOXHVIURPOLQHDULQWRQRQOLQHDU
DUHD ZKHUH WKH QRQVWHDG\VWDWH YHKLFOH FRUQHULQJ WDNHV SODFH 7KXV DQRWKHU WDUJHW RI
DXWRPRWLYHDFWLYHVDIHW\FRQWUROLVWRVHWOLPLWVRQJURZWKRIW\UHODWHUDOVOLS

$VLQWKHFDVHRIORQJLWXGLQDOW\UHG\QDPLFVWKHPDLQSDUDPHWHUVRIODWHUDOG\QDPLFVOLNHWKH
PD[LPXPODWHUDOFRHIILFLHQWRIW\UHIULFWLRQDQGWKHW\UHFRUQHULQJVWLIIQHVVDUHLQIOXHQFHGQRW
RQO\E\WKHW\SHRIURDGVXUIDFHEXWDOVRE\GLIIHUHQWRSHUDWLRQDOIDFWRUV7DEOH7KLVVHWV
LPSRUWDQW DGDSWDWLRQ UHTXLUHPHQWV WR ODWHUDO IRUFH HVWLPDWRUV DQG PRGHOV RI W\UH ODWHUDO
G\QDPLFVXVHGLQDOJRULWKPVRIDFWLYHVDIHW\FRQWUROV\VWHPV

7DEOH,QIOXHQFHRIYDULRXVIDFWRUVRQSDUDPHWHUVRIODWHUDOW\UHG\QDPLFV
)DFWRU 5HIHUHQFHV 0D[LPXPODWHUDOIULFWLRQ &RUQHULQJVWLIIQHVV
,QFUHDVHRIZKHHOORDG >@>@>@ GHFUHDVHG LQFUHDVHG
,QFUHDVHRIW\UHLQIODWLRQ >@ QRWLQGLFDWHG GHFUHDVHG
,QFUHDVHRIYHORFLW\ >@ GHFUHDVHG GHFUHDVHG
,QFUHDVHRIVXUIDFH
WHPSHUDWXUH >@ GHFUHDVHG GHFUHDVHG
,QFUHDVHRIDPELHQW
WHPSHUDWXUH >@ QRWLQGLFDWHG GHFUHDVHG

9HKLFOHVWDELOLW\

7KHYHKLFOHVWDELOLW\EHORQJVWRWKHPRVWFRPSOH[DWWULEXWHVKDQGOHGE\DFWLYHVDIHW\V\VWHPV
)XQGDPHQWDOZRUNVRI.DUQRSS>@0LWVFKNH>@=RPRWRU>@DQGRWKHUDXWKRUVLQWURGXFHG
D FRPSUHKHQVLYH DQDO\VLV RI YHKLFOH VWDELOLW\ SDUDPHWHUV DQG GLVWLQJXLVKHG WKH GLUHFWLRQDO
VWDELOLW\DQGUROOVWDELOLW\RIWKHYHKLFOH7KHGLUHFWLRQDOVWDELOLW\LVDFKDUDFWHULVWLFRIWKHYHKLFOH
LWRNHHSWKHFRXUVHGHPDQGHGE\WKHGULYHUFRQWURODQGLLWRVWDELOL]HWKHGLUHFWLRQRIPRWLRQ
DJDLQVWH[WHUQDOGLVWXUEDQFHV,QWKHFDVHRIYHKLFOHPDQRHXYUHVZLWKGLVWLQFWODWHUDOG\QDPLFV
WKH YHFWRU RI YHKLFOH YHORFLW\9 LV GHYLDWHG IURP WKH ORQJLWXGLQDO;D[LV RI WKH HDUWKIL[HG
FRRUGLQDWHV\VWHP;<RQDFHUWDLQFRXUVHDQJOHQ)LJXUH7KHFRXUVHDQJOHLVWKHVXPRI
WKH\DZDQJOH\DQGWKHYHKLFOHVLGHVOLSDQJOHE

Q \ E  
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

aa
ZKHUH\ LV WKH DQJOH EHWZHHQ ORQJLWXGLQDO D[HV RI WKH HDUWKIL[HG;< DQG YHKLFOHIL[HG [\
FRRUGLQDWHV\VWHPV'XHWRGHIRUPDWLRQSURFHVVHVLQW\UHURDGFRQWDFWDQGW\UHVLGHVOLSWKH
YHFWRURIYHORFLW\9LVGHYLDWHGIURPWKH[D[LVRQWKHDGGLWLRQDODQJOHE

7KHYHKLFOHVLGHVOLSDQJOHEDQGWKHGHULYDWLYHG\GW\DZUDWHDUHXVHGDVWKHPDLQFRQWURO
LQGLFDWRUVRIDFWLYHVDIHW\V\VWHPVUHVSRQVLEOHIRUWKHYHKLFOHVWDELOLW\FRQWURO7KHEYDULDEOH
LVJHQHUDOO\DOHVVVHQVLEOHLQGLFDWRUDQGFDQEHOLPLWHGGXULQJWKHFRQWUROSURFHVVLQUHODWLRQWR
UHIHUHQFHYDOXHVGHSHQGLQJRQWKHYHKLFOHYHORFLW\URDGFRQGLWLRQVDQGRWKHUIDFWRUV7KH\DZ
UDWHG\GWLVZLGHO\XVHGLQDOJRULWKPVRIDFWLYHVDIHW\FRQWUROV\VWHPVEHFDXVHWKLVSDUDPHWHU
FDQEHPHDVXUHGGLUHFWO\E\FRUUHVSRQGLQJRQERDUGVHQVRUV+RZHYHUWKHGHILQLWLRQRIWKH
UHIHUHQFH\DZUDWHG\QDPLFVLVDFRPSUHKHQVLYHWDVNUHTXLULQJFRQVLGHUDWLRQRIW\UHFRUQHULQJ
SURSHUWLHV DQG UHVSRQVH FKDUDFWHULVWLFV RI WKH YHKLFOH )LJXUH D VKRZV W\SLFDO UHVSRQVH
FKDUDFWHULVWLFV XVHG LQ DQDO\VLV RI \DZ UDWH G\QDPLFV ,Q SDUWLFXODU LW FDQ EH VHHQ IURP WKH
DQDO\VLVRIVWHSLQSXWRIODWHUDOIRUFHWKDWW\UHVZLWKKLJKHUFRUQHULQJVWLIIQHVVFDQSURYLGHORZHU
JURZWKRI\DZUDWHGXULQJWKHPDQRHXYUH)LJXUHD7KHXQGHUVWHHURURYHUVWHHUEHKDYLRXURI
WKHYHKLFOH FDQEH DOVR HYDOXDWHG WKURXJK \DZ UDWH )LJXUHE+RZHYHU WKHGLIIHUHQFH LQ
FRUQHULQJ VWLIIQHVV RI IURQW DQG UHDU ZKHHOV LV WKH PDLQ LQIOXHQFLQJ IDFWRU RQ
XQGHUVWHHURYHUVWHHUEHKDYLRXU$GHWDLOHGGLVFXVVLRQRIWKHVHLVVXHVFDQEHIRXQGLQKDQGERRNV
RI0LOOLNHQDQG0LOOLNHQ>@DQG:RQJ>@



)LJXUH3DUDPHWHUVRIGLUHFWLRQDODQGUROOVWDELOLW\
&R*FHQWUHRIJUDYLW\EYHKLFOHVLGHVOLSDQJOH\\DZDQJOHQFRXUVHDQJOHIUROODQJOH
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

)LJXUH*HQHULF\DZUDWHG\QDPLFV<DZUDWHUHVSRQVHVWR
DVWHSLQSXWRIODWHUDOIRUFHDQGEVWHHULQJLQSXWVWHHULQJDQJOHG

2WKHU GRPDLQ RI YHKLFOH VWDELOLW\ LV FRQQHFWHG ZLWK UROO G\QDPLFV 7KH UROO VWDELOLW\ LV D
FKDUDFWHULVWLFRIWKHYHKLFOHWRVWDELOL]HWKHYHUWLFDOSRVLWLRQDJDLQVWH[WHUQDOGLVWXUEDQFHVHJ
LQHUWLDOIRUFHVLQIOXHQFLQJWKHYHKLFOHERG\DWWXUQLQJPDQRHXYUHV7KHPDLQSDUDPHWHURIWKH
UROOVWDELOLW\LVWKHUROODQJOH)LJXUH7KHJURZWKRIWKHUROODQJOHGXULQJWXUQLQJPDQRHXYUHV
FDQFDXVHWKHYHKLFOHUROORYHU7KHIYDOXHFDQEHXVHGLQDOJRULWKPVRIYHKLFOHVWDELOLW\FRQWURO
V\VWHPVDVDQDGGLWLRQDOLQGLFDWRUIRUWKHRSWLPL]DWLRQRIFRQWUROJDLQVRUIRUWKHOLPLWDWLRQRI
GHVLUHG \DZ UDWH >@7KH GHILQLWLRQ RI WKH UROO DQJOH LQ YHKLFOHPRGHOV LV D FRPSOH[ WDVN
UHTXLULQJ WDNLQJ LQWR DFFRXQW GLIIHUHQW GHVLJQ DQG RSHUDWLRQDO IDFWRUV OLNH VXVSHQVLRQ
NLQHPDWLFVJ\URVFRSLFIRUFHVFDXVHGE\ZKHHOURWDWLRQIRUFHVLQVXVSHQVLRQOLQNVQRQOLQHDU
FKDUDFWHURIVXVSHQVLRQVWLIIQHVVHWDO'HWDLOHGFRQVLGHUDWLRQRIWKHUROOG\QDPLFVLVHVSHFLDOO\
UHTXLUHGLQVWDELOLW\FRQWUROOHUVRIVSRUWXWLOLW\YHKLFOHV689FRPPHUFLDOYHKLFOHVDQGEXVHV

6XPPDU\

x 0DLQ IDFWRUV RI W\UH DQG YHKLFOH G\QDPLFV ZKLFK KDYH UHODWLRQ WR XQVDIHXQVWDEOH
YHKLFOHPRWLRQDQGDUHVXEMHFWHGWR WKHDFWLYHVDIHW\FRQWURODUHWKHZKHHOVOLS W\UH
IULFWLRQLQORQJLWXGLQDODQGODWHUDOGRPDLQVVLGHVOLSDQJOHDQG\DZUDWH
x 7KHNH\IXQFWLRQVRIDFWLYHVDIHW\V\VWHPV OLNHWKHZKHHOVOLSFRQWURORU WKHYHKLFOH
VWDELOLW\ FRQWURO VKRXOG LQFOXGH PHFKDQLVPV IRU DGDSWDWLRQ WR URDG FRQGLWLRQV DQG
YHKLFOHRSHUDWLRQDOFRQGLWLRQV
x 0HDVXUHPHQWRIVRPHSDUDPHWHUVRIW\UHDQGYHKLFOHG\QDPLFVZLWKRQERDUGVHQVRUV
DYDLODEOHRQVHULDOSURGXFWLRQYHKLFOHVLVGLIILFXOWRUHYHQLPSRVVLEOHW\UHIULFWLRQVOLS
YHORFLW\ YHKLFOH VLGH VOLS DQJOH WKHUHIRUH WKH DFWLYH VDIHW\ FRQWUROOHUV KDYH WR XVH
FRUUHVSRQGLQJUHDOWLPHHVWLPDWRUVREVHUYHUV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa
'LYHUVLW\RI$FWLYH6DIHW\6\VWHPV

*HQHUDOFODVVLILFDWLRQ

$XWRPRWLYH LQGXVWU\ LV SURSRVLQJ QRZDGD\V PDQ\ VHULDO YDULDQWV RI DFWLYH VDIHW\ V\VWHPV
GLVWLQJXLVKHGE\ WKHLU IXQFWLRQDOLW\ ,Q DGGLWLRQ UHOHYDQW UHVHDUFK DQG WHFKQRORJLFDO VWXGLHV
LQWURGXFHIXUWKHUFRQFHSWXDOVROXWLRQVLQWKLVDUHD)LJXUHSUHVHQWVDVLPSOLILHGFODVVLILFDWLRQ
WKDW UHIOHFWV GLYHUVLW\ RI DFWLYH VDIHW\ V\VWHPV LQ FRQWH[W RI GLIIHUHQW GRPDLQV RI YHKLFOH
G\QDPLFV1H[WSDUDJUDSKVH[SODLQWKHPDLQHOHPHQWVRIWKHSURSRVHGFODVVLILFDWLRQ



)LJXUH*HQHUDOFODVVLILFDWLRQRIDFWLYHVDIHW\V\VWHPV

$QWLORFNEUDNLQJV\VWHPVDQGWUDFWLRQFRQWURO7&V\VWHPVDUHUHVSRQVLEOHIRUDYRLGLQJRI
FULWLFDO GULYLQJ VLWXDWLRQV UHODWHGPDLQO\ WR WKH ORQJLWXGLQDO GLUHFWLRQ RI YHKLFOHPRWLRQ LQ
SDUWLFXODUWKURXJKWKHZKHHOVOLSFRQWURO7KHFRQWURORIWKHYHKLFOHVWDELOLW\IRFXVHGRQODWHUDO
G\QDPLFVLVJHQHUDOO\UHDOL]HGZLWKWZRNLQGVRIV\VWHPV7KHEUDNHEDVHGFRQWUROV\VWHPVOLNH
(6&FRUUHFWWKHYHKLFOHWUDMHFWRU\ZLWKWKHKHOSRIVHOHFWLYHEUDNLQJRILQGLYLGXDOZKHHOVHJ
E\ZD\RIPRWRUWRUTXHUHGXFWLRQRUDFWXDWLRQRIWKHIULFWLRQEUDNHV7KHWRUTXHEDVHGFRQWURO
VXSSRUWVWKHGLUHFWLRQDOVWDELOLW\RIWKHYHKLFOHWKURXJKUHGLVWULEXWLRQRIGULYLQJZKHHOWRUTXHV
IRULQVWDQFHZLWKWKHDFWLYHGLIIHUHQWLDOFRQWURORUWKHWRUTXHYHFWRULQJ79
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
5HOLDEOH DQG UREXVW DFWLYH VDIHW\ FRQWURO UHTXLUHV DQ LQWHJUDWLRQ RI V\VWHPV IURP GLIIHUHQW
GRPDLQV7KLVWUHQGWRWKHV\VWHPLQWHJUDWLRQLVRIYLWDOLPSRUWDQFHIRUWKHDXWRPRWLYHVDIHW\
HQKDQFHPHQW)LJXUHH[SODLQVSRVVLEOHYDULDQWVRIWKHV\VWHPLQWHJUDWLRQ7KHLQWHJUDWLRQZLWK
DGGRQ V\VWHPV LPSOLHV WKH JDLQLQJ RI DGGLWLRQDO HIIHFWV IURP YDULRXV DFWLYH FKDVVLV DQG
SRZHUWUDLQV V\VWHPV LQGRLQJVR VXFKDFWLYHV\VWHPVKDYHXVXDOO\ VSHFLILF IXQFWLRQDOLW\ WR
LPSURYHRQHRUDQRWKHURIWKHYHKLFOHFKDUDFWHULVWLFV)RULQVWDQFHWKHDFWLYHIURQWUHDUVWHHULQJ
FDQSULQFLSDOO\LPSURYHYHKLFOHKDQGOLQJDQGGULYHUFRPIRUWDQGFDQEHDOVRLQWHJUDWHGZLWK
(6&7KLVEULQJVDGGLWLRQDOEHQHILWVIRUWKHGLUHFWLRQDOVWDELOLW\FRQWURO>@7KHDFWLYHFDPEHU
FRQWUROHQKDQFHVPDQRHXYUDELOLW\DQGLWV LQWHJUDWLRQZLWK WKH(6&RUWKHDFWLYHVXVSHQVLRQ
FRQWULEXWHVWRWKHGLUHFWLRQDODQGUROORYHUVWDELOLW\>@2WKHUH[DPSOHUHODWHVWRWKHG\QDPLFV
W\UHSUHVVXUHFRQWURO7KLVV\VWHPDLPVDWWKHUHGXFWLRQRIUROOLQJUHVLVWDQFHORVVHVDQGKDVIRU
WKHPRPHQW D OLPLWHG DSSOLFDWLRQ+RZHYHU LWV LQWHJUDWLRQZLWK$%6 DQG(6& FDQ KDYH D
SRVLWLYHLQIOXHQFHRQWKHEUDNLQJSHUIRUPDQFHDQGVWHDG\VWDWHODWHUDOG\QDPLFVRIWKHYHKLFOH
>@ >@ 7KH LQWHJUDWLRQ ZLWK DGGRQ V\VWHPV LV WKH PRVW SURPLVLQJ GLUHFWLRQ LQ WKH
GHYHORSPHQWRIDFWLYHVDIHW\FRQWURO&KDSWHUZLOOGLVFXVVWKLVPDWWHULQPRUHGHWDLOV

2WKHU YDULDQW RI LQWHJUDWLRQ UHODWHV WR LQYHKLFOH DVVLVWDQFH V\VWHPV $PRGHUQ YHKLFOH KDV
YDULRXV KXPDQPDFKLQH LQWHUIDFH GHYLFHV DLPHG DW WKH VXSSRUW RI GULYHU DFWLRQV HVSHFLDOO\
GXULQJFRPSOH[RUGDQJHURXVPDQRHXYUHV2QHRIUHOHYDQWH[DPSOHVLVWKHFRPELQDWLRQRIWKH
EUDNHDVVLVWDQFHDQG$%6IXQFWLRQV,QSDUWLFXODUPDQ\EUDNHDVVLVWDQFHV\VWHPVFDQDQDO\VH
WKHEUDNHGHPDQGWKURXJKWKHEUDNHSHGDOWUDYHOVHQVRU7KHDQWLORFNEUDNHV\VWHPFDQDOVR
XVH LQIRUPDWLRQ DERXW EUDNH SHGDO G\QDPLFV IRU VXEVHTXHQW DGDSWDWLRQ RI FRQWUROOHG EUDNH
SUHVVXUHWRWKHGULYHUEHKDYLRXU$QRWKHUH[DPSOHLVWKHLQWHJUDWLRQRI(6&IXQFWLRQVZLWKWKH
ODQHNHHSLQJDVVLVWDQFHDQGWKHODQHFKDQJHDVVLVWDQFH%RWKDVVLVWDQFHV\VWHPVFRQWULEXWHWR
SURSHUDFFRPSOLVKPHQWRIPDQRHXYUHVZLWKGLVWLQFWODWHUDOG\QDPLFVE\WKHGULYHUWKDWLVRI
EHQHILWIRUWKHYHKLFOHVWDELOLW\FRQWURO

$FWLYHVDIHW\V\VWHPVFDQREWDLQWKHUDGLFDOO\QHZIXQFWLRQDOLW\WKURXJKFRPPXQLFDWLRQZLWK
H[WHUQDODVVLVWDQFHUHODWHGWRURDGLQIUDVWUXFWXUHDQGHVSHFLDOO\,76)RUH[DPSOHWKHYHKLFOH
WRYHKLFOH FRPPXQLFDWLRQVPDNH SRVVLEOH D IHHGIRUZDUG DGDSWDWLRQ RI WKH YHKLFOH FRQWURO
VWUDWHJ\WRFULWLFDOVLWXDWLRQVH[SHFWHGIURPWKHDQDO\VLVRIEHKDYLRXURIQHLJKERXULQJYHKLFOHV
LQDWUDIILFIORZ7KHYHKLFOHWRURDGFRPPXQLFDWLRQVDOORZXVLQJLQIRUPDWLRQIURPRQURDG
VHQVRUVLQFRQWUROOHUVRIDFWLYHVDIHW\V\VWHPV&KDSWHUZLOO LQWURGXFHUHOHYDQWH[DPSOHV
)URPYLHZSRLQWRISURVSHFWLYHWHFKQRORJLHVDIXQGDPHQWDOO\QHZHQJLQHHULQJDSSURDFKWRWKH
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GHVLJQRIDFWLYHVDIHW\V\VWHPVFDQEHDOVRSURYLGHGWKURXJKXQPDQQHGGULYLQJZKHUHDJOREDO
FRQWUROOHURIDQDXWRQRPRXVRUVHPLDXWRQRPRXVYHKLFOHIXOO\LQWHJUDWHVIXQFWLRQVRIWKHEUDNH
WUDFWLRQDQGVWDELOLW\FRQWURO

)XUWKHUVHFWLRQVGLVFXVVUHFHQWDGYDQFHVRILQWURGXFHGFODVVHVRIDFWLYHVDIHW\V\VWHPV

%DVLFDFWLYHVDIHW\V\VWHPV

$6\VWHPVIRUORQJLWXGLQDOYHKLFOHG\QDPLFVFRQWURO

$QWLORFN EUDNLQJ DQG WUDFWLRQ FRQWURO V\VWHPV DUH UHVSRQVLEOH IRU DFWLYH VDIHW\ FRQWURO LQ
UHODWLRQWRORQJLWXGLQDOG\QDPLFVRIYHKLFOHPRWLRQ7KHPDLQ$%6IXQFWLRQVDUHLWRSUHYHQW
H[FHVVLYHZKHHOVOLSDWEUDNLQJLLWRVHFXUHYHKLFOHVWDELOLW\DQGFRQWUROODELOLW\DWEUDNLQJLQ
DQ\URDGFRQGLWLRQVLLLWRPD[LPL]HWKHEUDNHSHUIRUPDQFHDQGWKHW\UHIULFWLRQXWLOL]DWLRQ
7KHPDLQ7&IXQFWLRQVDUHLWRSUHYHQWH[FHVVLYHVOLSRIGULYLQJZKHHOVLQWUDFWLRQPRGHHJ
GXULQJYHKLFOHWDNHRIILL WRRSWLPL]HWKHZKHHO WUDFWLRQIRUFHVGXULQJPRWLRQRQ LUUHJXODU
VXUIDFHVOLNHURDGVZLWKVORSHVRUXSKLOOGRZQKLOOURDGV%HFDXVH7&V\VWHPVKDYHOLPLWHG
IXQFWLRQDOLW\IURPYLHZSRLQWRIDFWLYHVDIHW\IXUWKHUSDUDJUDSKVDUHGHGLFDWHGWRSUREOHPVRI
WKHEUDNHFRQWURO

7KHDQWLORFNEUDNLQJV\VWHPVDUHLQVHULDOSURGXFWLRQIURPHDUO\VDQG WKHUHIRUH WKH\
KDYHZHOOHVWDEOLVKHGWHFKQRORJLHVDQGFRQWUROGHVLJQSULQFLSOHV7KHODUJHVWVKDUHRIWKH$%6
PDUNHW IRUSDVVHQJHUFDUVEHORQJV WR WKHYDULDQWVZLWK UHOD\YDOYHVDV DFWXDWRUV6XFK$%6
GHVLJQLPSOHPHQWVJHQHUDOO\WKHUHOD\RQRIIFRQWUROOHUORJLFZLWKWKHVLPXOWDQHRXVXVHRIWKH
ZKHHOVOLSDQGWKHGHFHOHUDWLRQDVFRQWUROSDUDPHWHUV7KLV ORJLFLVJHQHUDOO\UHDOL]HGLQWKH
IRUPRIWKHUXOHEDVHGFRQWUROZLWKDSSRLQWHGWKUHVKROGV>@7RJLYHDQH[DPSOHRQHPD\
UHIHUWRWKHVWXG\>@GHVFULELQJ$%6DOJRULWKPZLWKWKHZKHHOVOLSDQGDFFHOHUDWLRQRIIVHWV
XVHGWRIRUPXODWHWKHFRQWUROORJLF7KHRIIVHWVDUH

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ZKHUHODQGD[DUHWKHVOLSUDWLRDQGZKHHODFFHOHUDWLRQFRUUHVSRQGLQJWRPD[LPXPRIO
FXUYH)LJXUHLQWURGXFHVWKH$%6ORJLFRSHUDWLQJZLWKWKHGHVFULEHGRIIVHWV,WFDQEHVHHQ
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
WKDWWKHV\VWHPFDQFRPHXSWRILYHSKDVHDXWRPDWLRQPRGHE\WKHFRUUHVSRQGLQJVSHFLILFDWLRQ
RIFRPPDQGYDULDEOHVDQGFRQWUROWKUHVKROGV+RZHYHUWKHIXOOVWDELOLW\RIWKHV\VWHPFDQEH
JXDUDQWHHGRQO\ZKHQWKHVOLSFXUYHKDVDGLVWLQFWH[WUHPXPDQGWKLVH[WUHPXPLVEHLQJ
XQFKDQJHGGXULQJWKHEUDNLQJPDQRHXYUH



)LJXUH)LYHSKDVH$%6ORJLFDGDSWHGIURP>@7EUEUDNHWRUTXHXFRPPDQGYDULDEOHV
FRQWUROWKUHVKROGV

$QDO\VLV RI UHFHQW UHVHDUFK DQG WHFKQLFDO OLWHUDWXUH VKRZV WKDW PRGHUQ EUDNHE\ZLUH
WHFKQRORJLHVDUHDZDNHQLQJLQWHUHVWLQQHZDSSURDFKHVWRWKHEUDNHEDVHGVDIHW\FRQWURO>@
>@ >@ 7KLV LV HVSHFLDOO\ UHOHYDQW WR HOHFWURK\GUDXOLF EUDNH V\VWHPVZLWK D GHFRXSOHG
DUFKLWHFWXUHZKHUH WKHFRQWUROOHUXQLWVHWVXS WKHGHPDQGHGSUHVVXUH LQ WKHK\GUDXOLFEUDNH
FDOOLSHUVLQDFFRUGDQFHZLWKWKHEUDNHSHGDOSRVLWLRQDQGRUWKHEUDNHSHGDOIRUFH$GYDQWDJHV
RIVXFKV\VWHPVLQFOXGHIDVWV\VWHPUHVSRQVHWLPHWXQHDEOHEUDNHSHGDOIHHOFKDUDFWHULVWLFV
DQGDVIRUHOHFWULFYHKLFOHVDEHWWHUSRVVLELOLW\IRUVKDULQJRIEUDNHIXQFWLRQVZLWKDQHOHFWULF
GULYHWUDLQ)URPYLHZSRLQWRIWKH$%6GHVLJQSURSRUWLRQDODFWXDWRUVRIEUDNHE\ZLUHV\VWHPV
DOORZVUHDOL]DWLRQRIFRQWLQXRXVFRQWUROSURFHVVHVZKLFKDUHVLJQLILFDQWO\GLIIHUHQWIURPWKH
SUHYLRXVO\ LQWURGXFHG GLVFUHWHPHWKRG IRU WKH$%6ZLWK UHOD\ YDOYHV  7KH HVVHQFH RI WKH
FRQWLQXRXV$%6DSSURDFKLVWKDWWKHEUDNHWRUTXHPRGXODWLRQLVIROORZLQJUHIHUHQFHZKHHOVOLS
G\QDPLFVZLWKRXWFULVSFRQWUROWKUHVKROGV&RQWLQXRXVFRQWUROOHUVFDQEHUHDOL]HGZLWKGLIIHUHQW
PHWKRGV)RUH[DPSOHWKHVWXG\>@GLVFXVVHVWKHPRGHOEDVHGZKHHOVOLSFRQWUROZLWKWKH
ORFDO OLQHDUL]DWLRQ DQG JDLQVFKHGXOLQJ EDVHG RQ WKH OLQHDUTXDGUDWLF UHJXODWRU IRU
HOHFWURPHFKDQLFDOEUDNHDFWXDWRUV7KHZRUN >@GHVFULEHVDQRWKHUPRGHOEDVHGZKHHOVOLS
FRQWURODSSURDFKXVLQJDUHIHUHQFHVOLSFDOFXODWRUDQG3,FRQWUROOHUZLWKDQWLZLQGXSVWUDWHJ\
IRUWKHEUDNHWRUTXH$VGLIIHUHQWLDWHGIURPWKHUXOHEDVHGFRQWUROWKHFRQWLQXRXVEUDNHWRUTXH
PRGXODWLRQLVIDYRXUDEOHWRWKHZKHHORSHUDWLRQFORVHWRWKHRSWLPXPVOLSDUHDZLWKRXWHVVHQWLDO
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
RVFLOODWLRQVRIWKHEUDNHWRUTXH7KLVLVDGYDQWDJHRXVQRWRQO\IRUYHKLFOHVDIHW\EXWDOVRIRUWKH
FRQWUROVWDELOLW\DQGGULYHUFRPIRUWDWEUDNLQJ)LJXUHSURYLGHVDFRUUHVSRQGLQJFRPSDUDWLYH
H[DPSOHIRUWKHEUDNLQJRI689RQORZURDGZLWKWZR$%6YDULDQWV>@,WFDQEHVHHQWKDW
WKHFRQWLQXRXV$%6VHFXUHVVKRUWHUVWRSSLQJWLPHDQGPLQLPDOGHYLDWLRQVRIZKHHOYHORFLWLHV
IURPDUHIHUHQFHYDOXH

 

)LJXUH&RPSDULVRQRIUXOHEDVHGOHIWDQGFRQWLQXRXVULJKW$%6RSHUDWLRQ9KF9HOYHKLFOH
YHORFLW\:KO6SGZKHHOVSHHG)/5/IURQWOHIWDQGUHDUOHIWZKHHOV>@

7KHFRQWLQXRXV$%6DSSURDFKLVDOVRUHDVRQDEOHIRUHOHFWULFYHKLFOHVZKHUHWKHEUDNHWRUTXH
PRGXODWLRQ LV SRVVLEOH E\ WKH XVH RI LQGLYLGXDOO\ FRQWUROOHG LQZKHHO RU RQERDUG HOHFWULF
PRWRUVRSHUDWLQJLQDUHJHQHUDWLRQPRGH,WDOORZVDEHWWHUXWLOL]DWLRQRIIDVWUHVSRQVHG\QDPLFV
RIHOHFWULFPRWRUVIRUSXUSRVHVRIWKHEUDNHFRQWURO7KLVPDWWHUZLOOEHGLVFXVVHGLQ6HFWLRQ
LQPRUHGHWDLOV

%6\VWHPVIRUODWHUDOYHKLFOHG\QDPLFVFRQWURO

$FWLYHVDIHW\V\VWHPVDVVRFLDWHGZLWKODWHUDOYHKLFOHG\QDPLFVOLNH(6&RU79DUHFRQWUROOLQJ
WKHEUDNHRUGULYLQJWRUTXHLQGLYLGXDOO\IRUHDFKZKHHOLQRUGHUWRNHHSWKHYHKLFOHPRWLRQLQ
VDIH OLPLWV LQ WHUPV RI \DZ UDWH DQG VLGHVOLS DQJOH 7KHUHIRUH WKH LQIRUPDWLRQ DERXW WKHVH
SDUDPHWHUVLVFUXFLDOIRUODWHUDOYHKLFOHG\QDPLFVFRQWUROOHUV7KHDYDLODELOLW\RI\DZUDWHVHQVRU
RQVHULDOYHKLFOHV LVEHQHILFLDOIRU WKHFRQWURODOJRULWKPVREVHUYLQJDQGSURFHVVLQJWKH\DZ
EDVHGFRQWUROSDUDPHWHUV+RZHYHUWKHXVHRIWKHYHKLFOHVLGHVOLSDVWKHFRQWUROSDUDPHWHULV
PRUHGLIILFXOWGXHWRODFNRIFRUUHVSRQGLQJRQERDUGPHDVXUHPHQWWRROV)RUWKLVUHDVRQPDQ\
DOJRULWKPVFDOFXODWHWKHYHKLFOHVLGHVOLSWKURXJKHVWLPDWRUVREVHUYHUV>@>@>@

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7ZRGLIIHUHQWDSSURDFKHVWRWKHDUFKLWHFWXUHRIDFWLYHVDIHW\V\VWHPVFDQJHQHUDOO\UHDOL]HERWK
\DZUDWHDQGYHKLFOHVLGHVOLSFRQWURO,QWKHFDVHRIWKHEUDNHEDVHGFRQWUROWKHJHQHUDWLRQRI
EUDNH WRUTXHVRQ LQGLYLGXDOZKHHOVFRUUHFWV WKHYHKLFOHPRWLRQWRNHHS WKHUHTXLUHGYHKLFOH
WUDMHFWRU\(6&V\VWHPVDSSO\WKLVDSSURDFK7KHWRUTXHEDVHGFRQWUROVXSSRVHVUHGLVWULEXWLRQ
RIGULYLQJWRUTXHVEHWZHHQIURQWUHDURUOHIWULJKWZKHHOVWRDFKLHYHWKHUHTXLUHG\DZPRWLRQ
DQGPDLQWDLQWKHYHKLFOHVLGHVOLSLQVDIHOLPLWV6XFKPHWKRGVDUHUHDOL]HGLQWRUTXHYHFWRULQJ
V\VWHPV DQG DFWLYH GLIIHUHQWLDOV 1H[W SDUDJUDSKV LQWURGXFH VRPH H[DPSOHV RI EUDNH DQG
WRUTXHEDVHGYHKLFOHVWDELOLW\FRQWURO

0RGHUQ(6&V\VWHPVKDYHXVXDOO\DYHU\FRPSUHKHQVLYHDUFKLWHFWXUHFRYHULQJIRUPXODWLRQRI
FRQWUROVLJQDOVIRUDFWXDWRUVHVWLPDWLRQRIYHKLFOHG\QDPLFVSDUDPHWHUVIDLOVDIHIXQFWLRQVHWF
+RZHYHUDNH\HOHPHQWLVLQIDFWWKHFRQWUROOHUGHILQLQJWKHFRUUHFWLQJ\DZPRPHQW0\RQWKH
YHKLFOHWRNHHSWKH\DZUDWHRUWKHVLGHVOLSDQJOHLQUHTXLUHGOLPLWV$VLWFDQEHVKRZQLQD
JHQHUDOFDVHIURP)LJXUHWKHEUDNLQJRIDVHOHFWHGZKHHOWDNHVSODFHZKHQWKHDFWXDO\DZ
UDWHLVDERYHWKHUHIHUHQFH\DZUDWH$VDUHVXOWLWUHGXFHVWKHODWHUDOIRUFHRQWKHVHOHFWHGZKHHO
DQGFDXVHV WKHPRPHQW0\ FRUUHFWLQJ WKH \DZPRWLRQRI WKHYHKLFOH )LJXUH H[SODLQV D
VLPSOLILHGSURFHGXUHRIWKHUHOHYDQWEUDNHEDVHG\DZFRQWURO


)LJXUH*HQHUDOSULQFLSOHRIFRUUHFWLQJ\DZPRPHQWJHQHUDWLRQ

,QDFFRUGDQFHZLWK)LJXUHWKHHVWLPDWHGYDOXHRIWKHW\UHURDGIULFWLRQFRHIILFLHQWHVWWKH
YHKLFOHYHORFLW\9[DQGWKHIURQWZKHHOVWHHULQJDQJOHGIDOORZJHQHUDWLQJWKHUHIHUHQFH\DZUDWH
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa
IRUDFWXDOGULYLQJFRQGLWLRQVG\GWUHIIURPWKHYHKLFOHPRGHO7KHQWKHUHIHUHQFH\DZUDWHLV
FRPSDUHGZLWKWKHDFWXDO\DZUDWHYDOXHG\GWZKLFKFDQEHREWDLQHGGLUHFWO\IURPWKH\DZ
UDWHVHQVRULQVWDOOHGRQWKHYHKLFOH)ROORZLQJWKHVFKHPHVIURP)LJXUHDVLQJOHZKHHOIURQW
ULJKWRUIURQWOHIWWREHFRQWUROOHGLVEHLQJVHOHFWHGRQWKHQH[WVWHS)RUWKHVHOHFWHGZKHHOWKH
UHIHUHQFHVOLSJHQHUDWRUFRPSXWHVWKHYDOXHRIOUHIFRUUHVSRQGLQJWRWKHGHPDQGHGFRUUHFWLQJ
\DZPRPHQWRIWKHYHKLFOH7KHZKHHOVOLSFRQWUROOHUDOORFDWHVWKHGHPDQGHGEUDNHWRUTXH7GHP
WREHUHDOL]HGE\WKHEUDNHV\VWHPRQWKHFRUUHVSRQGLQJZKHHOLQRUGHUWRJHQHUDWHWKHFRUUHFWLQJ
\DZPRPHQWRIWKHYHKLFOH,QPRUHFRPSOH[VLWXDWLRQVVHYHUDOZKHHOVFDQEHVLPXOWDQHRXVO\
FRQWUROOHGZLWKLQGLYLGXDOO\WXQHGYDOXHVDQGUDWHVRIFRUUHVSRQGLQJEUDNHWRUTXHV7KHEUDNH
EDVHGVWDELOLW\FRQWUROV\VWHPVFDQDOVRXVHWKHPRWRUEUDNLQJLQFHUWDLQFRQWUROVLWXDWLRQV



)LJXUH([DPSOHRIEUDNHEDVHG\DZPRPHQWFRQWUROOD\RXW

7KHYDULDQWRIDQRWKHUDUFKLWHFWXUHRIWKHEUDNHEDVHGVWDELOLW\FRQWUROV\VWHPLVGHSLFWHGRQ
)LJXUH7KLVV\VWHPXVHVERWKWKH\DZUDWHDQGWKHVLGHVOLSDQJOHDVWKHFRQWUROSDUDPHWHUV
DQGFDQEHUHDOL]HGWKURXJKGLYHUVHFRQWUROPHWKRGV7KHUHDUHPDQ\RWKHUFRQWUROPHWKRGV
ZKLFKDUHNQRZQIURPSXEOLVKHGVWXGLHVDQGFDQEHDSSOLHGIRUWKHEUDNHEDVHGVWDELOLW\FRQWURO
V\VWHPV 7KHLU DQDO\VLV OLHV RXWVLGH RI WKH WDUJHWV RI WKH SUHVHQWHG ZRUN +RZHYHU VRPH
H[DPSOHVLOOXVWUDWLQJSUDFWLFDOLPSOHPHQWDWLRQRIWKHEUDNHEDVHG(6&ZLOOEHODWHUJLYHQLQ
&KDSWHUVDQG

7KHJHQHUDWLRQRIWKHYHKLFOH\DZPRPHQWFRUUHFWLQJWKHUHGXQGDQW\DZUDWHRUVLGHVOLSDQJOH
FDQEHUHDOL]HGQRWRQO\ WKURXJKEUDNLQJEXWDOVRE\FRUUHVSRQGLQJUHGLVWULEXWLRQRIGULYLQJ
WRUTXHVEHWZHHQ LQGLYLGXDOZKHHOV +RZHYHU VXFK WRUTXHEDVHG VWDELOLW\ FRQWURO LVPDLQO\
UHOHYDQW WRDOOZKHHOGULYHYHKLFOHVZLWKDFWLYH LQWHUD[OHDQG LQWHUZKHHOGLIIHUHQWLDOVRU WR
HOHFWULFYHKLFOHVZLWKLQGLYLGXDOLQZKHHODQGRQERDUGPRWRUV7KHUHODWHGWRUTXHYHFWRULQJ
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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V\VWHPVDUHDSSURSULDWHO\GLVFXVVHGLQSDUWLFXODULQ>@>@>@>@IRUYHKLFOHVZLWKDFWLYH
GLIIHUHQWLDOVDQGLQ>@>@>@IRUHOHFWULFYHKLFOHV7KHPDLQLGHDEHKLQGWKHWRUTXHEDVHG
YHKLFOHVWDELOLW\FRQWUROLVWRGLVWULEXWHWRUTXHVZLWKWKHDLPVERWKRINHHSLQJWKHYHKLFOHVWDEOH
DQGLQFUHDVLQJWKHWUDFWLRQHIILFLHQF\'LIIHUHQWVWUDWHJLHVDUHEHLQJSURSRVHGIRUWKLVSXUSRVH
)RULQVWDQFHWKHIROORZLQJPHWKRGVDUHNQRZQIURP>@>@
x &RQVWDQWWRUTXHGLVWULEXWLRQ±GULYLQJIRUFHVDUHGLVWULEXWHGEHWZHHQWKHULJKWDQGOHIWUHDU
ZKHHOVZKLOHWKHLUGLVWULEXWLRQEHWZHHQWKHIURQWDQGUHDUZKHHOVLVNHSWFRQVWDQW
x 6OLSEDVHG WRUTXH GLVWULEXWLRQ  GULYLQJ IRUFHV DUH GLVWULEXWHG EHWZHHQ WKH ZKHHOV LQ
DFFRUGDQFHZLWKWKHDSSRLQWHGOHIWULJKWRUIURQWUHDUZKHHOVOLSGLIIHUHQFH
x 7RUTXH GLVWULEXWLRQ LQ SURSRUWLRQ WR WKH YHUWLFDO ORDG ± RSWLPL]DWLRQ RI WKH UDWLR RI WKH
YHUWLFDOURDGRQDZKHHOWRWKHWRWDOORDGRQDOOZKHHOV



)LJXUH([DPSOHRIVWDELOLW\FRQWUROV\VWHPDUFKLWHFWXUHDGDSWHGIURP>@

7KH WRUTXHEDVHG FRQWURO DOORZV QRW RQO\ FRUUHFWLQJ WKH YHKLFOH \DZ G\QDPLFV EXW DOVR
LQIOXHQFLQJWKHYHKLFOHDJLOLW\E\FKDQJLQJXQGHUVWHHURYHUVWHHUFKDUDFWHULVWLFV$VLQGLFDWHG
RQ)LJXUHLQGLYLGXDOZKHHOWRUTXHFRQWUROFDQUHGXFHWKHXQGHUVWHHUJUDGLHQWDQGH[WHQGLWV
OLQHDUUHJLRQ,QGRLQJVRYHKLFOHUHVSRQVLYHQHVVLVHQKDQFHGDQGWKHVWDELOLW\OLPLWIRUVWHDG\
VWDWH FRUQHULQJ LV H[WHQGHG $OVR WKH WRUTXHEDVHG FRQWURO LQFUHDVHV WKHPD[LPXP OHYHO RI
ODWHUDODFFHOHUDWLRQ,QJHQHUDOWKLVFKDQJHLPSURYHVWKHODWHUDOSHUIRUPDQFHRIWKHYHKLFOH7KH
WRUTXHEDVHGFRQWURORIWKHODWHUDOYHKLFOHG\QDPLFVKDVDKLJKSRWHQWLDOIRUHOHFWULFYHKLFOHV
ZLWKLQGLYLGXDOO\FRQWUROOHGPRWRUVIRUHDFKZKHHO6XFKSRZHUWUDLQFRQILJXUDWLRQJUDQWVPRUH
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

IOH[LELOLW\WRWKHV\VWHPDUFKLWHFWXUHWKDWDOORZVWRVXSSRUWWKHYHKLFOHVDIHW\DQGKDQGOLQJDQG
VLPXOWDQHRXVO\WRLPSURYHRYHUDOOHQHUJ\HIILFLHQF\RIWKHHOHFWULFYHKLFOH


)LJXUH0RGLILFDWLRQRIYHKLFOHXQGHUVWHHUWKURXJKWRUTXHYHFWRULQJ

$GGRQV\VWHPV

2QHRILPSRUWDQWWUHQGVLQPRGHUQYHKLFOHGHVLJQLVWKHDSSOLFDWLRQRIVHPLDFWLYHDQGDFWLYH
FKDVVLVV\VWHPVLQVWHDGRIWUDGLWLRQDOSDVVLYHV\VWHPV7KLVLVSDUWLFXODUO\WUXHIRUVXVSHQVLRQ
VWHHULQJ DQG V\VWHPV LQIOXHQFLQJ WKHZKHHO NLQHPDWLFV HJ FDPEHU RU WRH DQJOH DQG W\UH
SURSHUWLHVHJW\UHSUHVVXUH$FWLYHFKDVVLVV\VWHPVQRWRQO\LPSURYHWKHYHKLFOHSHUIRUPDQFH
IHDWXUHVVXFKDVULGHFRPIRUWVWHHUDELOLW\RUKDQGLQJEXWDOVRFRQWULEXWHWRVDIHW\HQKDQFHPHQW
1H[WVHFWLRQVJLYHDEULHIRYHUYLHZRIUHOHYDQWDSSOLFDWLRQFDVHV

$$FWLYHVWHHULQJ

7KHUHDUHVHYHUDOYDULDQWVRIWKHDFWLYHVWHHULQJWKDWFDQVXSSRUWWKHYHKLFOHVDIHW\WKURXJKDQ
LQWHJUDWLRQZLWK EDVLF V\VWHPV LQWURGXFHG LQ 6HFWLRQ  DFWLYH IURQW VWHHULQJ >@ >@
DFWLYHUHDUVWHHULQJ>@DOOZKHHOVWHHULQJ>@8VXDOO\WKHPHQWLRQHGV\VWHPVKDYHHOHFWUR
K\GUDXOLFRUHOHFWURPHFKDQLFDOLPSOHPHQWDWLRQLQFOXGLQJVWHHUE\ZLUHGHVLJQ>@>@

2QHRIWKHPRVWZLGHVSUHDGFRPELQDWLRQVLQWKLVUHJDUGLVWKHLQWHJUDWLRQRIWKH\DZG\QDPLFV
FRQWURODQGWKHDFWLYHVWHHULQJRQWKHIURQWZKHHOVRQO\>@>@>@6XFKDQLQWHJUDWLRQFDQ
UHGXFHWKHGULYHU
VORDGLQJE\FRPSOH[PDQRHXYUHVZLWKFULWLFDOODWHUDOG\QDPLFV$GGLWLRQDO
EHQHILWVIRUWKHVWDELOLW\IURPWKH$)6DUHREVHUYHGLQVLWXDWLRQVZLWKH[WHUQDOGLVWXUEDQFHVOLNH
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

WKHVLGHZLQGRUGULYLQJEUDNLQJRQVSOLWURDG5HFHQWVWXGLHVJLYHPXFKDWWHQWLRQIRU WKH
LQWHJUDWLRQQRWRQO\WKH$)6EXWDOVRWKHDFWLYHUHDUVWHHULQJ$56DQGWKHDOOZKHHOVWHHULQJ
$:6FRQWURO$FRPSDUDWLYHLQYHVWLJDWLRQLQWKLVUHJDUGKDVEHHQSUHVHQWHGLQ>@>@IRU
$)6<0&$56<0&DQG$:6<0&FRQILJXUDWLRQV,WZDVGHPRQVWUDWHGE\WKHVLPXODWLRQ
RIODQHFKDQJHPDQHXYHUVWKDWLWKHLQWHJUDWLRQZLWK$)6JLYHVEHQHILWVLQPLQLPL]DWLRQRI
WKH VLGH VOLS DQJOH DQGPRUH SUHFLVH SDWK IROORZLQJ LL WKH$56<0& LV HIILFLHQW IRU WKH
VLWXDWLRQVZLWK GHWHULRUDWLRQ LQ WKH UHDUZKHHO FRUQHULQJ VWLIIQHVV DQG LLL WKH$:6<0&
LQWHJUDWLRQFDQEHFKDUDFWHUL]HGE\KLJKVWDELOLW\OLPLWVZLWKKLJKUHVSRQVLYHQHVV

7KHLQWHJUDWLRQRIWKHWRUTXHEDVHG\DZPRPHQWFRQWUROZLWKWKHDFWLYHVWHHULQJLVVSHFLILFDOO\
SURPLVLQJ LQ FRQWH[W RI HOHFWULF YHKLFOHV  ,Q SDUWLFXODU WKH VWXG\ >@ LQWURGXFHG D K\EULG
HOHFWULFYHKLFOHZLWKWKHLQWHJUDWHGFRQWURORIWKH$)6DQGWKHD[LDOPRWRUVZLWKWKHLQWHUZKHHO
GLIIHUHQWLDOJHQHUDWLQJLQGLYLGXDOZKHHOWRUTXHV6XFKDFRQWURODUFKLWHFWXUHKDVGHPRQVWUDWHG
DSRWHQWLDOWRUHGXFWLRQRIVLGHVOLSDQG\DZUDWHERWKRIRYHUVWHHUDQGXQGHUVWHHUYHKLFOHLQWKH
VLPXODWLRQ RI -WXUQ DQG VLQJOHODQH FKDQJH PDQHXYHUV $QRWKHU DUFKLWHFWXUH KDV EHHQ
LQYHVWLJDWHGLQ>@DQG>@ZKHUHDIXOOHOHFWULFYHKLFOHLVHTXLSSHGZLWKLQZKHHOPRWRUV
7KHLQWHJUDWLRQFRYHUHGWKHMRLQWRSHUDWLRQRIWKHHOHFWULFPRWRUWRUTXHFRQWUROZLWKWKH$)6
DQGWKH$:6%RWKYDULDQWVKDYHEHHQWHVWHGRQWKHH[SHULPHQWDOYHKLFOHDQGGHPRQVWUDWHGLQ
SDUWLFXODUWKHUREXVWQHVVWRFRUQHULQJVWLIIQHVVYDULDWLRQ

%&RQWUROODEOHVXVSHQVLRQ

$FRQWUROODEOHERWKVHPLDFWLYHDQGDFWLYHVXVSHQVLRQLQIOXHQFHVYHUWLFDOG\QDPLFVRIWKH
YHKLFOHWRLPSURYHILUVWRIDOOWKHULGHFRPIRUW+RZHYHUWKHFRQWUROODEOHVXVSHQVLRQFDQDOVR
EULQJFHUWDLQSRVLWLYHHIIHFWVWRWKHUROOVWDELOLW\WKURXJKFRRUGLQDWHGRSHUDWLRQZLWKRWKHUDFWLYH
VDIHW\V\VWHPV>@>@>@>@)RUH[DPSOHWKHVWXG\>@LQYHVWLJDWHGWKHEUDNHEDVHG
\DZPRPHQWFRQWUROZLWKWKHDFWLYHVWHHULQJDQGWKHDFWLYHVXVSHQVLRQUHSUHVHQWHGE\WKHDFWLYH
UROO EDUV DQG FRQWUROOHGPDJQHWRUKHRORJLFDO GDPSHUV 7KH IXQFWLRQDO WHVWV RI WKH GLVFXVVHG
FRPELQDWLRQIRUDPLGVL]HUHDUZKHHOGULYHFDUDUHGHPRQVWUDWHGWKDWWKHLQFOXVLRQRIDFWLYH
VXVSHQVLRQHOHPHQWVDOORZVHVVHQWLDOUHGXFWLRQRIWKHWLPHRIEUDNHV\VWHPFRQWURODFWLYDWLRQ
7KLVFDQEHFRQVLGHUHGDVEHQHILFLDOLQWHUPVRILOHVVHUORVVHVRIWKHYHKLFOHYHORFLW\GXULQJ
WKHPDQRHXYUHDQGLLDFHUWDLQLQFUHDVHRIWKHHQHUJ\HIILFLHQF\GXHWRORZHUGHPDQGLQWKH
RSHUDWLRQRIWKHEUDNHDFWXDWRUV6HYHUDOVWXGLHVSD\DWWHQWLRQWRWKHLQIOXHQFHRIWKHVXVSHQVLRQ
FRQWURORQORQJLWXGLQDOYHKLFOHG\QDPLFV>@>@+HUHDSDUWLFXODUHIIHFWFDQEHREVHUYHG
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

IRUFRQGLWLRQVRIDURXJKXQHYHQVXUIDFH)RULQVWDQFHWKHZRUN>@LQYHVWLJDWHGWKHEUDNLQJ
RIDVSRUWXWLOLW\YHKLFOHRQWZRW\SHVRIURXJKWHUUDLQ7KHLQWHJUDWLRQKDVFRQFHUQHG$%6DQG
DVHPLDFWLYH6VXVSHQVLRQXQLW&RQVLGHULQJEUDNLQJIURPNPKWRNPKWKHRSWLPDO
LQWHJUDWLRQYDULDQWVDOORZHGUHGXFLQJWKHVWRSSLQJGLVWDQFHDVVKRZQRQ)LJXUH


)LJXUH±(IIHFWRIRSWLPDOVXVSHQVLRQFRQILJXUDWLRQRQVWRSSLQJGLVWDQFHUHGXFWLRQUHSURGXFHG
IURP>@

$FWLYHVXVSHQVLRQLVDOVRRIWHQXVHGLQPXOWLDFWXDWHGRYHUDFWXDWHGYHKLFOHV7KHVWXG\>@
GHVFULEHGFRUUHVSRQGLQJH[DPSOHZKHUHDFRPELQHGRSHUDWLRQRI WKH$6 WKH$)6DQG WKH
ZKHHOVOLSFRQWURODFWLYHEUDNHVVHUYHVWRFRQWUROWKH\DZDQGUROOVWDELOLW\7KHVLPXODWLRQRI
ILVKKRRN PDQRHXYUHV IRU WKH YHKLFOH HTXLSSHG ZLWK WKH SURSRVHG V\VWHP DUFKLWHFWXUH KDV
VKRZHG WKDW D FHUWDLQ UHGXFWLRQ RI WKH VLGH VOLS DQJOH DQG WKH \DZ UDWH FDQ EH UHDFKHG DV
FRPSDUHGZLWKWKHEUDNHEDVHGYHKLFOHVWDELOLW\FRQWURO2QHPRUHH[DPSOHLVLQWURGXFHGLQ
>@IRUWKHDOOZKHHOGULYHK\EULGHOHFWULFYHKLFOH7KHYHKLFOHDUFKLWHFWXUHLQWHJUDWHGWKH$)6
WKH(6&DQGWKHLQGLYLGXDOZKHHOWRUTXHFRQWURODQGWKHDQWLUROOFRQWUROV\VWHP$5&67KH
VWXG\SHUIRUPHGEHQFKPDUNRIGLIIHUHQWFRQWUROFRQILJXUDWLRQVE\H[DPSOHRIWKHVLPXODWLRQRI
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
DVLQHZLWKGZHOOPDQRHXYUHIURPNPKDQGVKRZHGWKDWWKHLQFOXVLRQRIWKH$5&6UHGXFHG
WKHPD[LPXPUROODQJOHDQGWKHPD[LPXPUROOYHORFLW\)LJXUH+RZHYHUWKLVLQFOXVLRQGLG
QRWLPSURYHWKHV\VWHPSHUIRUPDQFHLQWHUPVRIWKH\DZVWDELOLW\FULWHULDPD[LPXP\DZUDWH
DQGPD[LPXPVLGHVOLSDQJOH


)LJXUH±5ROODQJOHDQGUROOUDWHE\GLIIHUHQWV\VWHPFRQILJXUDWLRQVUHSURGXFHGIURP>@

&$FWLYHW\UHZKHHOV\VWHPV

6RPH UHFHQW WHFKQRORJLHV DUH SURSRVLQJ QHZ W\SHV RI FKDVVLV DFWXDWRUV DQG DFWLYH FKDVVLV
V\VWHPVZKLFKLQIOXHQFHWKHZKHHONLQHPDWLFVRUVSHFLILFW\UHSDUDPHWHUVDQGFDQEHDOVRXVHG
DVDGGRQVWRWKHEDVLFDFWLYHVDIHW\V\VWHPV7KHUHOHYDQWH[DPSOHVLQWKLVUHJDUGDUHWKHDFWLYH
FDPEHUFRQWURODQGWKHW\UHSUHVVXUHFRQWUROV\VWHPV73&6

7KHDFWLYHFDPEHUFRQWURO>@>@>@DOORZVWRLPSURYHWKHYHKLFOHKDQGOLQJDQGVDIHW\
WKURXJKH[WHQVLRQRI ODWHUDO W\UHIULFWLRQXWLOL]DWLRQDQGEHWWHUPDQRHXYUDELOLW\ ,QSDUWLFXODU
FDVHZKHQWKHFDPEHUFRQWUROV\VWHPDFWXDWHVWKHUHDUD[OHWKHPHQWLRQHGHIIHFWVDUHEHLQJ
DFKLHYHGWKURXJKWKHLQFUHDVHRIWKHUHDUZKHHOFRUQHULQJFRHIILFLHQW,QWHUPVRIWKHYHKLFOH
GHVLJQWKHDFWLYHFDPEHUFDQEHFRQVLGHUHGDVDQDGGRQHOHPHQWWRDFWLYHVXVSHQVLRQZLWK
FRQWULEXWLRQZLWKLQFHUWDLQOLPLWVWRUROORYHUVWDELOLW\LPSURYHPHQW

$QRWKHU H[DPSOH RI DGGRQ V\VWHP UHODWHV WR W\UH SUHVVXUH YDULDWLRQ 6HYHUDO UHVHDUFK DQG
LQGXVWULDOVWXGLHVKDYHFRQILUPHGWKHIDFWWKDWWKHDGDSWDWLRQRIW\UHSUHVVXUHFDQHVVHQWLDOO\
LQIOXHQFHYHKLFOHG\QDPLFV)RUH[DPSOHWKHZRUN>@FRUURERUDWHGE\ZD\RIH[SHULPHQWV
WKHUHODWLRQVKLSEHWZHHQW\UHSUHVVXUHDQGORQJLWXGLQDOW\UHVWLIIQHVVWKDWFDQEHDSSOLHGWRWKH
$%67&6FRQWUROZKHUHWKHIRUHFDVWLQJRUUHFRQVWUXFWLRQRIW\UHIULFWLRQ±VOLSGHSHQGHQFLHVLV
UHTXLUHG([SHULPHQWDOWHVWVRIWKHWHVWWUXFNGHWHFWHGDOVRWKHFOHDUFXWUHODWLRQVKLSEHWZHHQ
WKHEUDNLQJVWLIIQHVVDQG WKHW\UHSUHVVXUHERWKRQDVSKDOWDQGVQRZVXUIDFHVGHIODWHGW\UHV
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
JXDUDQWHHKLJKHUEUDNLQJ VWLIIQHVV >@ ,Q WKH FRQWH[WRI ODWHUDO G\QDPLFV VHYHUDO UHVHDUFK
ZRUNVLQGLFDWHVWKDWLORZHUW\UHLQIODWLRQSUHVVXUHSURGXFHVXQGHUVWHHUWHQGHQF\DWORZDQG
PHGLXP IRUZDUG VSHHGV DQG RYHUVWHHU WHQGHQF\ DW KLJK VSHHGV >@ LL GHIODWHG W\UHV FDQ
HQVXUHPRUHVWDEOHPRWLRQDWVRPHRSHUDWLRQDOFRQGLWLRQV>@LLLW\UHSUHVVXUHLQIOXHQFHVWKH
WUDQVLHQWKDQGOLQJUHVSRQVHUROOVWLIIQHVVDQGVOLSDQJOH>@LYWKHGHIODWHGW\UHVFDQEHWWHU
WUDQVIHU ODWHUDO FRQWDFW IRUFHV DW ORZ ZKHHO ORDGLQJ >@  +HQFH FHUWDLQ LPSURYHPHQW RI
ORQJLWXGLQDO DQG ODWHUDO YHKLFOH G\QDPLFV SHUIRUPDQFH FDQ EH DFKLHYHG WKURXJK WDUJHWHG
LQGLYLGXDOG\QDPLFLQIODWLRQDQGGHIODWLRQRIW\UHV6XFKDQDSSURDFKLVEHLQJUHDOL]HGQRZLQ
FRQFHSWVRI W\UHSUHVVXUHFRQWUROV\VWHPVZKLFKDUHVXEMHFWHG WR WKH LQWHJUDWLRQZLWK$%6
(6&DQGDFWLYHVXVSHQVLRQ>@

$VVLVWDQFHV\VWHPV

'HSHQGLQJ RQ LPSOHPHQWHG LQIRUPDWLRQDO DQG FRPPXQLFDWLRQDO WHFKQRORJLHV DVVLVWDQFH
V\VWHPVFDQEHGLYLGHGLQWRLQYHKLFOHDQGH[WHUQDOJURXSVDVSURSRVHGRQ)LJXUH%\DQLQ
YHKLFOHDVVLVWDQFHLVPHDQWWKDWWKHGULYHUDVVLVWDQFHV\VWHPUHFHLYHVLQIRUPDWLRQIURPVHQVRUV
DQG GHYLFHV LQVWDOOHG RQ WKH YHKLFOH ,Q WKH FDVH RI DQ H[WHUQDO DVVLVWDQFH WKH LQIRUPDWLRQ
FKDQQHOVEHWZHHQWKHGULYLQJHQYLURQPHQWDQGWKHYHKLFOHDUHXVHGLQDGGLWLRQ)RUWKHPRVW
SDUWWKHDVVLVWDQFHGHYLFHVVKRXOGLQIRUPRIZDUQWKHGULYHUZLWKDXGLRYLVXDORUWDFWLOHVLJQDOV
DERXWFRPLQJRUH[SHFWHGFULWLFDOVLWXDWLRQGXULQJWKHGULYLQJ+RZHYHUFHUWDLQRIWKHGLVFXVVHG
DVVLVWDQFH WRROV FDQ EH FRQQHFWHG WR EDVLF DFWLYH VDIHW\ V\VWHPV WR LPSURYH WKHLU FRQWURO
SHUIRUPDQFHDQGUHOLDELOLW\GXHWRDGGLWLRQDOLQIRUPDWLRQFKDQQHOV

7KHPRVW ZLGHVSUHDG LQYHKLFOH V\VWHPV UHDOL]H IXQFWLRQV RI WKH EUDNH DVVLVWDQFH VWHHULQJ
DVVLVWDQFH DQG ODQH FKDQJH DVVLVWDQFH 7KH NQRZQ EUDNH DVVLVWDQFH %$ GHYLFHV FDQ EH
UHDOL]HGZLWKGLIIHUHQWGHJUHHVRIWKHGULYHULQWHUYHQWLRQ>@>@>@)RULQVWDQFHVRPH
%$V\VWHPVVXSSRUWWKHGULYHULQSDUWLFXODUPDQRHXYUHVDVSDUNLQJ0RUHDGYDQFHG%$V\VWHPV
FKDQJHWKHEUDNHV\VWHPG\QDPLFVZKHQDQH[WUHPHGDQJHURXVVLWXDWLRQLVUHFRJQL]HGHJWKH
JUDGLHQWRIWKHEUDNHSUHVVXUHLQFUHDVHEHFRPHVKLJKHUHYHQE\DJHQWOHDFWXDWLRQRIWKHEUDNH
SHGDO7KLVIXQFWLRQKDVWREHFRQVLVWHQWZLWKWKH$%6VWUDWHJ\$QRWKHUH[DPSOHLVWKHVWHHULQJ
DVVLVWDQFH6$7KH6$XVHVH[WHUQDOLQIRUPDWLRQDERXWWKHGULYLQJHQYLURQPHQWDQGDQDO\VHV
WKHPDQRHXYUHHPHUJHQF\WDNLQJLQWRDFFRXQWWKHDFWXDOGULYHUGHPDQGRQWKHVWHHULQJZKHHO
:KHQDFULWLFDO VLWXDWLRQ LV H[SHFWHG WKH6$V\VWHPFDQERWKZDUQ WKHGULYHU DQGSDUWLDOO\
DFWLYDWHUHOHYDQWYHKLFOHV\VWHPV)RULQVWDQFHWKH6$IXQFWLRQVFDQXVHWKHDFWXDWRUVRI(6&
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
DQG$56DVGHVFULEHGLQ>@7KH(6&IXQFWLRQDOLW\FDQEHDOVRH[WHQGHGZLWKODQHFKDQJH
NHHSLQJDVVLVWDQFH/&$$/&$V\VWHPDQDO\VHVWKHURDGDQGZDUQVWKHGULYHUZKHQDFULWLFDO
GHSDUWXUHIURPWKHUHTXLUHGWUDMHFWRU\WDNHVSODFH>@>@+HQFHWZRPDLQIHDWXUHVDUH
WUXH IRUDOOGLVFXVVHGGHYLFHV LGHWHFWLRQDQGDQDO\VLVRI H[WHUQDO URDGHQYLURQPHQW IRU
H[DPSOH XVLQJ UDGDU WHFKQLTXH LL SURYLGLQJ DGGLWLRQDO LQIRUPDWLRQDO FKDQQHOV IRU DFWLYH
VDIHW\V\VWHPVWKDWLQFUHDVHVWKHLUDELOLW\IRUSUHGLFWLYHIHHGIRUZDUGFRQWURO

$QH[WHUQDODVVLVWDQFHFRQFHUQYHKLFOHVKDYLQJDSRVVLELOLW\WRFRPPXQLFDWHRULQWHUDFWZLWK
RWKHUWUDIILFREMHFWVDQGGULYLQJHQYLURQPHQW%\WKHH[WHUQDODVVLVWDQFHLVPHDQWWKDWRQERDUG
DFWLYHVDIHW\V\VWHPVFDQXVHFRPSOHPHQWDU\YHKLFOHG\QDPLFVGDWDUHFHLYHGIURPYHKLFOHWR
YHKLFOH 99 YHKLFOHWRURDG 95 DQG YHKLFOHWRLQIUDVWUXFWXUH 9, FRPPXQLFDWLRQ
VRXUFHV >@ >@ ,W VKRXOG EH DOVR PHQWLRQHG WKDW WKH OLVWHG FRPPXQLFDWLRQV DUH
LQGLVSHQVDEOH DWWULEXWHV RI DXWRPDWHG GULYLQJ 7KHUHIRUH PDQ\ VWXGLHV GHGLFDWHG WR DFWLYH
VDIHW\FRQWUROZLWKWKHH[WHUQDODVVLVWDQFHDUHVXEMHFWHGWRDXWRQRPRXVYHKLFOHV,QSDUWLFXODU
ZLWKWKH9,FRPPXQLFDWLRQWKHYHKLFOHFDQUHFHLYHWKHGDWDIURPJOREDOSRVLWLRQLQJ*36
DQGJHRJUDSKLFLQIRUPDWLRQV\VWHPV*,6>@7KHVHGDWDFDQEHXVHGIRUWKHLGHQWLILFDWLRQ
DQG SUHGLFWLRQ RI URDG SURILOH DQG YHKLFOH SDWK WUDFNLQJ WKDW VXSSRUWV WKH (6& RSHUDWLRQ
$QRWKHU H[DPSOH LV WKH RSWLFDO URDG PRQLWRULQJ DV HOHPHQW RI 95 >@ 7KLV DOORZV
UHFRJQL]LQJORZIULFWLRQURDGFRQGLWLRQVDQGSUHSDULQJ$%6(6&RURWKHUVDIHW\V\VWHPVIRU
SUHHPSWLYHDFWXDWLRQZKHQUHTXLUHG9DULRXVURDGVLGHVHQVRUVZLWKLQ95FDQEHDOVRXVHGIRU
RIIERDUGHVWLPDWLRQRIYHKLFOHYHORFLW\WKDWLVXVHIXOIRUVSHHGDGDSWDWLRQIXQFWLRQVLQDFWLYH
VDIHW\V\VWHPV>@

6XPPDU\

x 8SWRGDWHEDVLFDFWLYHVDIHW\V\VWHPVIRUORQJLWXGLQDODQGODWHUDOYHKLFOHFRQWUROKDYH
ZHOOHVWDEOLVKHG SULQFLSOHV IRU EXLOGLQJ WKH V\VWHP DUFKLWHFWXUH WR JXDUDQWHH  WKH
SHUIRUPDQFH ZLWKLQ UHTXLUHPHQWV SUHVFULEHG E\ UHJXODWLRQ GRFXPHQWV IXUWKHU
LPSURYHPHQWRIRSHUDWLRQDOSHUIRUPDQFHRIEDVLFDFWLYHVDIHW\V\VWHPVFDQEHUHODWHG
WR LPSOHPHQWDWLRQ RI QHZ W\SHV RI IDVWUHVSRQVH DFWXDWRUV HJ HOHFWULF PRWRUV IRU
EUDNLQJDQGVWDELOLW\FRQWUROWKDWDOVRRSHQVZD\VWRQHZVDIHW\FRQWUROPHWKRGV
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
x 3URPLVLQJWUHQGLVWKHXVHRIDGGRQFKDVVLVFRQWUROV\VWHPVWRVXSSRUWWKHPDLQDFWLYH
VDIHW\ FRQWURO IXQFWLRQV KRZHYHU D FOHDU YDOXH DQDO\VLV LV UHTXLUHG WR GHILQH D
UHDVRQDEOHFRQILJXUDWLRQRILQWHJUDWHGVDIHW\FRQWURO
x )XQFWLRQDOUREXVWQHVVRIDFWLYHVDIHW\V\VWHPVFDQEHLPSURYHGE\WKHXVHRIDGGLWLRQDO
LQIRUPDWLRQDERXWWKHSDUDPHWHUVRIYHKLFOHPRWLRQDQGGULYLQJHQYLURQPHQWSURYLGHG
E\LQYHKLFOHDQGH[WHUQDODVVLVWDQFHV\VWHPV

 
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-XVWLILFDWLRQRI1H[W&KDSWHUV

:LWKLQWKHIUDPHZRUNRI&KDSWHUFODVVLILFDWLRQDQGGHVLJQRIDFWLYHVDIHW\V\VWHPVKDYHEHHQ
GLVFXVVHG$VSHFLDODWWHQWLRQKDVEHHQJLYHQWRWKHEUDNHDQGYHKLFOHVWDELOLW\FRQWUROOHUVDV
NH\HOHPHQWVRIVDIHW\V\VWHPDUFKLWHFWXUH,WZDVDOVRVKRZQWKDWDFRUUHFWGHILQLWLRQRIW\UH
DQGYHKLFOHG\QDPLFVSDUDPHWHUVKDVFUXFLDOLPSRUWDQFHIRUWKHFRQWUROOHUGHVLJQ+RZHYHU
IXUWKHU GHYHORSPHQW RI DFWLYH VDIHW\ WHFKQRORJLHV LV FKDUDFWHUL]HG E\ D QXPEHU ERWK RI
FKDOOHQJHV DQG RSSRUWXQLWLHV WKDW UHTXLUHV GHHS LQYHVWLJDWLRQV LQ SDUWLFXODU UHVHDUFK DUHDV
$QDO\VLVRIUHFHQWUHODWHGUHVHDUFKVWXGLHVDQGWHFKQRORJLFDOLQQRYDWLRQVDOORZVGHILQLWLRQRI
VHYHUDOWRSLFVZKLFKDUHRIFUXFLDOLPSRUWDQFHIRUFRPLQJJHQHUDWLRQVRIDFWLYHVDIHW\V\VWHPV
)LJXUH7KHVHWRSLFVFDQEHFODVVLILHGLQWRWKUHHJURXSVGLVFXVVHGEHORZ



)LJXUH3URVSHFWLYHWRSLFVIRUDFWLYHVDIHW\

,QWKHDUHDRIYHKLFOHG\QDPLFVDQGFRQWURORQHRIWKHPDLQFKDOOHQJHVLVWKHGHYHORSPHQWRI
FRPSOH[UHDOWLPHPRGHOVGHVFULELQJWKHEHKDYLRXURIWKHYHKLFOHDQGLWVFRPSRQHQWV)RUWKH
PRVWSDUWWKHFRQWURODOJRULWKPVRIDFWLYHVDIHW\V\VWHPVDUHXVLQJVHPLHPSLULFDOW\UHPRGHOV
OLNH3DFHMNDRU'XJRIIW\UHPRGHOOLQHDUL]HGELF\FOHYHKLFOHUHIHUHQFHPRGHOVIRUWKHODWHUDO
G\QDPLFVORRNXSWDEOHVIRUYDULRXVYHKLFOHFKDUDFWHULVWLFVDVZHOODVPDQ\RWKHUDQDO\WLFDO
WRROV ZKLFK FDQ EH FKDUDFWHUL]HG LQ WKH DJJUHJDWH DV D VLPSOLILHG GHVFULSWLRQ RI FRPSOH[
SURFHVVHVDFFRPSDQ\LQJWKHYHKLFOHPRWLRQ6XFKVLPSOLILHGDSSURDFKHVZHUHUHDVRQDEOHXSWR
QRZEHFDXVHRIFRQVWUDLQHGSURFHVVLQJUHVRXUFHVRIHOHFWURQLFFRQWUROXQLWVDQGOLPLWHGVHWRI
VHQVRUV DYDLODEOH RQ D YHKLFOH 0RGHUQ RQERDUG HOHFWURQLFV DOORZV WR RYHUFRPH WKHVH
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
ERXQGDULHVWRDFHUWDLQH[WHQW$VDUHVXOWDGYDQFHGUHDOWLPHPRGHOVZLOOEHFRPHPRUHDQG
PRUHZLGHVSUHDG,QSDUWLFXODUWKLVFRQFHUQVSK\VLFDOW\UHPRGHOVDV)7LUHDQG0)6:,)7RU
YHKLFOHPRGHOVZLWKKLJKGHJUHHVRIIUHHGRP

1H[W FKDOOHQJH UHODWHV WR DGYDQFHG LQIRUPDWLRQ IRU FRQWUROOHUV $V LQGLFDWHG DERYH D
FRQYHQWLRQDO FDU SRVVHVVHG VR IDU RQO\ IHZ VHQVRUV IRU WKH HVWLPDWLRQ RIPRWLRQ G\QDPLFV
SDUDPHWHUV7KLV VLWXDWLRQ LV EHLQJ UDGLFDOO\ FKDQJHGQRZ DQG WKHYHKLFOHEHFRPHV IXUWKHU
SRVVLELOLWLHV WR UHFHLYH LQIRUPDWLRQ IURP DGGLWLRQDO RQ DQG RIIERDUG VRXUFHV DV UDGDUV
QDYLJDWLRQGHYLFHVURDGVLGHVHQVRUVHWDO7KHUHIRUHQHZYDULDQWVRIFRQWUROOHUDUFKLWHFWXUHFDQ
EHSURSRVHGIRUDFWLYHVDIHW\V\VWHPVZLWKDWDUJHWWRXVHDYDLODEOHLQYHKLFOHDQGRXWRIYHKLFOH
LQIRUPDWLRQDOFKDQQHOVZLWKPD[LPXPHIILFLHQF\ IRU IDLOVDIHDQGUREXVWFRQWURO7KHXVHRI
DGYDQFHG LQIRUPDWLRQ LV DOVR FORVHO\ UHODWHG WR WKH GHYHORSPHQW RI V\VWHPV EDVHG RQ WKH
SUHGLFWLYHDQGLQWHOOLJHQWFRQWURO3UHYLRXVJHQHUDWLRQVRIDFWLYHVDIHW\V\VWHPVKDYHXVHGWKH
SRVWIDFWXP FRQWURO SKLORVRSK\ DV D UXOH 7KH PRGHUQ YHKLFOH DV D FRPSRQHQW RI 9;
FRPPXQLFDWLRQKDVDSRVVLELOLW\WRPRQLWRUGULYLQJHQYLURQPHQWLQGLIIHUHQWZD\VIURPQHDU
WRERG\DUHDVWKURXJKUDGDUVHQVRUVXSWRWKHZKROHURXWHSURILOHYLDJHRSRVLWLRQLQJVHUYLFHV
+HQFHVRPHFULWLFDOVLWXDWLRQVIRUWKHYHKLFOHPRWLRQFDQEHIRUHFDVWHG$VDUHVXOWDGHPDQG
IRU DFWLYH VDIHW\ FRQWUROOHUV ZLWK IRUHFDVWLQJ ORJLF DQG SUHHPSWLYH FRQWURO DFWLRQV ZLOO EH
FRQWLQXRXVO\LQFUHDVHG+HUHPDQ\RSSRUWXQLWLHVIRUFRPSXWDWLRQDOLQWHOOLJHQFHPHWKRGVDUHLQ
VLJKW

2QWKHV\VWHPOHYHOWKHWUHQGLVWRH[WHQGWKHDFWLYHVDIHW\FRQWUROZLWKDGYDQFHGFKDVVLVDQG
SRZHUWUDLQ V\VWHPV DV PHFKDWURQLF ;E\ZLUH V\VWHPV DFWLYH V\VWHPV FRQWUROOLQJ W\UH
NLQHPDWLFVDQGRWKHUV\VWHPH[DPSOHVPHQWLRQHGLQ6HFWLRQ7KLVFUHDWHVSUHUHTXLVLWHV
IRUWKHSURJUHVVLYHV\VWHPLQWHJUDWLRQIURPVLPSOHFRRSHUDWLYHYDULDQWVHJLQWHJUDWLRQRI(6&
DQGDFWLYHVWHHULQJIRUSXUSRVHVRIODWHUDOVWDELOLW\FRQWUROWRPRUHFRPSOH[FDVHVZKHUHWKH
RSWLPDOFRQWURORQVHYHUDOFKDVVLVDQGSRZHUWUDLQV\VWHPVKDVWREHLPSOHPHQWHGIRUVDIHW\
HQKDQFHPHQW ZLWK VLPXOWDQHRXV LPSURYHPHQW RI RWKHU YHKLFOH FKDUDFWHULVWLFV DV HQHUJ\
HIILFLHQF\DQGGULYLQJFRPIRUW ,QWKHFRQWH[WRIYHKLFOHFRPSRQHQWVIXUWKHUFKDOOHQJHVDUH
FRQQHFWHGZLWKPRGXODUV\VWHPGHVLJQ+HUHWKHPRGXODULW\PHDQVWKDWVHYHUDODFWLYHV\VWHPV
FDQEHLQWHJUDWHGLQRQHXQLWPDLQO\QHDUWRWKHZKHHOLQVLGHWKHZKHHOKXEIRUUHGXFWLRQRI
SRZHU DQG FRPPXQLFDWLRQ FKDQQHOV DQG D EHWWHU UHDOL]DWLRQ RI LQGLYLGXDOZKHHO FRQWURO RI
IRUFHVDQGWRUTXHV

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
2Q WKHYHKLFOH OHYHO QHZ SDUDGLJPV RI DFWLYH VDIHW\ FRQWURO DUH H[SHFWHG ILUVW RI DOOZLWK
UHODWLRQ WR DXWRPDWHG GULYLQJ 2Q WKH RQH KDQG VHPLDXWRQRPRXV DQG IXOO\ DXWRQRPRXV
YHKLFOHVFDQHVVHQWLDOO\SUHYHQWFULWLFDOVLWXDWLRQVEHFDXVHRILH[WHQGHGLQIRUPDWLRQVXSSOLHG
E\9;FRPPXQLFDWLRQDQGLLPLQLPL]DWLRQRIZURQJDFWLRQVRIWKHGULYHU%XWRQWKHRWKHU
KDQGWKHDFWLYHVDIHW\FRQWUROIRUDXWRPDWHGGULYLQJUHTXLUHVPRUHFRPSUHKHQVLYHVWUDWHJLHV
IRU IDLOVDIH RSHUDWLRQ $QRWKHU FKDOOHQJLQJ GLUHFWLRQ FRQFHUQV DGYDQFHG KXPDQYHKLFOH
LQWHJUDWLRQZKHUHWKHDFWLYHVDIHW\FRQWUROEHFRPHVQHZIXQFWLRQVRIDGDSWDWLRQWRWKHGULYHU
VW\OHW\SH7KLVLVUHTXLUHGIRUDEHWWHUSUHYHQWLRQRIZURQJGULYHUDFWLRQVDQGIRUNHHSLQJWKH
KD]DUGSHUFHSWLRQE\WKHGULYHURQWKHVDIHOHYHO6XFKDKXPDQYHKLFOHLQWHJUDWLRQKDVGHPDQG
IRUDGGLWLRQDOGULYHUUHODWHGVHQVRUVDVZHOODVIRUH[WHQVLRQRIFRQWUROVWUDWHJLHVZLWKWKHVHOI
OHDUQLQJDQGLGHQWLILFDWLRQSURFHGXUHV)LQDOO\QHZRSSRUWXQLWLHVIRUDFWLYHVDIHW\V\VWHPVDUH
EHLQJRSHQHGIRUHOHFWULFYHKLFOHVZLWKLQGLYLGXDOZKHHOPRWRUV,QGLYLGXDOLQZKHHORQERDUG
PRWRUVFDQEHFRQVLGHUHGLQIDFWDVXQLYHUVDODFWXDWRUVEHFDXVHWKH\DUHDEOHWRUHDOL]HQRWRQO\
WKH WUDFWLRQ FRQWURO EXW DOVR WKH EUDNH FRQWUROZLWK$%6 IXQFWLRQDOLW\ WRUTXHEDVHG ODWHUDO
G\QDPLFVFRQWURODQGHYHQWKHYHUWLFDOG\QDPLFVFRQWUROPRWRUEDVHGULGHG\QDPLFVFRQWURO

7KLVVKRUWRYHUYLHZRISURVSHFWLYHWRSLFVIRUDFWLYHVDIHW\SRLQWVWRDPSOHRSSRUWXQLWLHVIRUWKH
WKHRUHWLFDODQGH[SHULPHQWDOLQYHVWLJDWLRQV)XUWKHUVHFWLRQVRIWKHSUHVHQWHGKDELOLWDWLRQWKHVLV
ZLOOEHFRQFHQWUDWHGRQVSHFLILFUHVHDUFKWRSLFVIURPWKUHHJURXSVRISUREOHPVGLVFXVVHGDERYH
7KHUHDUH,GHQWLILFDWLRQRIURDGDQGGULYLQJHQYLURQPHQWSDUDPHWHUV,QWHJUDWLRQRIYDULRXV
VDIHW\V\VWHPVIRUSXUSRVHVRI WKHFRRSHUDWLYHYHKLFOHG\QDPLFVFRQWURO$GDSWDWLRQDQGUH
GHVLJQRIDFWLYHVDIHW\FRQWUROIRUHOHFWULFYHKLFOHV7KHVHWRSLFVKDYHEHHQVHOHFWHGQRWRQO\
EDVHGRQWKHDXWKRU
VUHVHDUFKH[SHULHQFHEXWDOVRZLWKWDNLQJLQWRDFFRXQWWKHLUXUJHQF\IRU
FRPLQJDFWLYHVDIHW\V\VWHPV


 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

,'(17,),&$7,212)52$'&21',7,216)25$&7,9(6$)(7<
6<67(06

2YHUYLHZRI0HWKRGVIRU'HILQLWLRQRI7\UH5RDG,QWHUDFWLRQ
3DUDPHWHUV

$ERXWDSSOLFDELOLW\RIW\UHPRGHOVIRUDFWLYHVDIHW\FRQWUROOHUV

'HILQLWLRQRIW\UHSDUDPHWHUVLVDQLPSRUWDQWFRPSRQHQWRIFRPSXWLQJSURFHVVHVLQDFWLYHVDIHW\
V\VWHP FRQWUROOHUV +HUH VHPLHPSLULFDO DQG HPSLULFDO DSSURDFKHV OLNH WKH0DJLF )RUPXOD
0)PRGHO ILQGPRVW RIWHQ XVH IRU WKH FDOFXODWLRQ RI W\UH IRUFHV DQGPRPHQWV+RZHYHU
VLPXODWLRQ RI W\UH G\QDPLFV FRYHUV PDQ\ RWKHU PRGHO YDULDQWV ZKLFK FDQ EH SRWHQWLDOO\
LPSOHPHQWHGLQYHKLFOHFRQWUROOHUV6HYHUDOVWXGLHVKDYHSURSRVHGFODVVLILFDWLRQVRIW\UHPRGHOV
IRU EHWWHU XQGHUVWDQGLQJ WKHLU DSSOLFDELOLW\ WR DXWRPRWLYH FRQWURO V\VWHPV ,Q SDUWLFXODU WKH
ZRUN>@UHFRPPHQGVWRGLIIHUHQWLDWHW\UHIULFWLRQPRGHOVZKLFKDUHVXLWDEOHIRUUHDOWLPH
V\VWHPVE\DOJHEUDLFVWDWLVWLFDODQGREVHUYHUEDVHGPHWKRGVDVZHOODVE\GHWHUPLQLVWLFDQG
VWRFKDVWLF RSWLPL]DWLRQ PHWKRGV $QRWKHU FODVVLILFDWLRQ LQ UHODWLRQ WR GRPDLQV RI YHKLFOH
G\QDPLFVLVJLYHQLQ>@
x /RQJLWXGLQDOW\UHURDGIULFWLRQPRGHOVIRULQVWDQFHSLHFHZLVHOLQHDUPRGHO%XUFNKDUGW
PRGHO5LOOPRGHO>@'DKOPRGHO>@/X*UHPRGHO>@
x /DWHUDO W\UHURDG IULFWLRQPRGHO DV OLQHDUSURSRUWLRQDOPRGHO QRQOLQHDUSURSRUWLRQDO
PRGHO>@DQDO\WLFDOPRGHOVEDVHGRQWKHVLQJOHWUDFNYHKLFOHPRGHO>@
x ,QWHJUDWHGDQDO\WLFDOW\UHURDGIULFWLRQPRGHOVIRULQVWDQFH0)PRGHO.LHQFNHPRGHO
>@'/X*UHW\SHPRGHO>@
x 6HQVRUEDVHG W\UHURDG IULFWLRQ PRQLWRUV DV DQ REVHUYHU RI VOLS VORSH >@ RU DQ
REVHUYHU RI WKH PD[LPXP RI IULFWLRQVOLSFXUYH >@ EDVHG RQ WKH ZKHHO YHORFLW\
LQIRUPDWLRQ HVWLPDWRUV RI ODWHUDO IULFWLRQ FRHIILFLHQW ZLWK DFFHOHURPHWHUV >@ DQG
RWKHUV

7KHZRUN>@KDVLQYHVWLJDWHGVSHFLILFW\UHPRGHOVLQFRQWH[WRIUHDOWLPHV\VWHPV)RUWKLV
SXUSRVH WKH FODVVLILFDWLRQ KDV EHHQ JLYHQ ZKLFK LQFOXGHV NQRZOHGJHPRGHOV ZKLWH ER[
UHSUHVHQWDWLRQPRGHOV EODFNER[DQGK\EULGPRGHOV JUH\ER[7KHPHQWLRQHGVWXG\KDV
FRQFOXGHGWKDWVXIILFLHQWO\SUHFLVHGHVFULSWLRQRIW\UHIULFWLRQOLPLWVERWKLQVWHDG\DQGWUDQVLHQW
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VWDWHFRQGLWLRQVZLWKUHDVRQDEOHFRPSXWDWLRQDOWLPHFDQEHSURYLGHGE\L3DFHMND
V0)PRGHO
DQGLLWKHQRQOLQHDUW\UHPRGHOEDVHGRQDTXDVLVWHDG\VWDWHFRQFHSWDQGWDNLQJDFFRXQWIRU
WKHHIIHFWLYHVOLSUDWLRDQGWKHXSGDWLQJUHOD[DWLRQOHQJWKV>@7KHUHDOWLPHXVDELOLW\FDQEH
IXUWKHULPSURYHGE\WKHLQWHUSUHWDWLRQRIWKHK\EULGW\UHPRGHOVLQWKHIRUPRIPXOWLGLPHQVLRQDO
ORRNXSWDEOHV

$QDO\VLV RI UHFHQW VWXGLHV VKRZV WKDW WKH FRPELQDWLRQ RI HVWLPDWLRQ WHFKQLTXH ZLWK VHPL
HPSLULFDOW\UHPRGHOVLVGRPLQDWLQJQRZLQDFWLYHVDIHW\V\VWHPFRQWUROOHUV$QRWKHUDSSURDFK
GHVHUYLQJPRUHDQGPRUHDWWHQWLRQERWKE\UHVHDUFKHUVDQGV\VWHPGHYHORSHUVUHODWHVWR WKH
LQWHJUDWLRQ RI RQERDUG HVWLPDWRUV RI W\UH SDUDPHWHUV ZLWK LQIRUPDWLRQ SURYLGHG E\ VHQVRU
IXVLRQZKLFKFDQXWLOL]HVHQVLQJRIYHKLFOHURDGDQGHQYLURQPHQWDOSDUDPHWHUVIRU DEHWWHU
LGHQWLILFDWLRQRIGULYLQJVLWXDWLRQ2YHUYLHZRIUHOHYDQWHVWLPDWRUVDQGYDULRXVVHQVRUVIRUWKH
DVVHVVPHQWRIW\UHSDUDPHWHUVLVLQWURGXFHGQH[W

7UDGLWLRQDOHVWLPDWRUVRIW\UHSDUDPHWHUV

7\UHSDUDPHWHUVHVWLPDWRUVHJIRUPD[LPXPRIW\UHURDGIULFWLRQFRHIILFLHQWPD[DUHILQGLQJ
DZLGHXWLOLW\LQDOJRULWKPVRIDFWLYHVDIHW\V\VWHPV$VLWFDQEHVHHQIURP)LJXUHWKHPD[
YDOXHFRUUHVSRQGV WR WKHH[WUHPXPRIOFXUYHGHVFULEHGDVGGO %HFDXVHVRPHURDG
VXUIDFHVFDQQRWJXDUDQWHHDVKDUSO\GHILQHGH[WUHPXPRIOFXUYHPRUHUHDVRQDEOHDSSURDFK
FRQVLVWVLQDVVHVVPHQWRIWKHVORSHRIWKHFXUYHNO ''O,QLWLDOO\WKHVORSHNOKDVQHDUWR
OLQHDUFKDUDFWHUWKHUHIRUHWKHVXEVHTXHQWGHWHFWLRQRIDQHVVHQWLDOGHYLDWLRQIURPWKHOLQHDULW\
SRLQWVWRWKHDSSURDFKLQJRIWKHH[WUHPXPDUHD7KLVHIIHFWOLHVLQWKHEDFNJURXQGRIHVWLPDWRUV
ZKLFKDVVHVVLQGLUHFWO\WKHPD[LPXPRIW\UHURDGIULFWLRQWKURXJKWKHVORSHNO7KHUHOHYDQW
FRPSXWLQJPHWKRGVKDYHGLIIHUHQWFRPSOH[LW\GHSHQGLQJRQWKHVHQVRULQYROYHGLQHVWLPDWLRQ
SURFHGXUHV

,Q WKHVLPSOHVWFDVH WKHHVWLPDWLRQFDQEHEDVHGRQVLJQDOV IURPWKHZKHHOYHORFLW\VHQVRUV
RQO\)RULQVWDQFHVXFKDQH[DPSOHLVFRQVLGHUHGLQ>@ZKHUHWKHHVWLPDWRUXVHVWKHWRUTXH
EDODQFHIRUWKH'2)YHKLFOHPRGHO)LJXUH7KHWRUTXHEDODQFHRIWKH'2)PRGHOLV

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ZKHUH7ZLVWKHGULYHWRUTXH7ZLVWKHEUDNHWRUTXH,ZLVWKHPRPHQWRIZKHHOLQHUWLD)ULVWKH
UROOLQJUHVLVWDQFHIRUFH,QDGGLWLRQWR(TWKHWDQJHQWLDOORQJLWXGLQDOW\UHIRUFH)[FDQ
EHWKHRUHWLFDOO\OLPLWHGE\W\UHIULFWLRQFRQGLWLRQV

[ [ ] G\Q) ) UPd   


)LJXUH'2)YHKLFOHPRGHO

)ROORZLQJWKHVWXG\>@(TFDQEHUHZULWWHQDV

 
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

ZKHUH9Z ZUG\QLVWKHOLQHDUZKHHOYHORFLW\)GLVWKHIRUFHFRQVLGHULQJWKHURDGGLVWXUEDQFHV
7KHQWKHZKHHOGHFHOHUDWLRQLV

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

ZKHUHZLVWKHIDFWRUFRQVLGHULQJGLVWXUEDQFHVIURPWKHURDGDQGEUDNHWRUTXHIOXFWXDWLRQV

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7KHDQDO\VLVRI(T  VKRZV WKDW WKHNOYDOXHFDQEHHVWLPDWHG WKURXJK WKHEUHDNSRLQW
IUHTXHQF\IRUWKHZKHHOGHFHOHUDWLRQIRUH[DPSOHZLWKWKHOHDVWVTXDUHPHWKRG)LJXUH


)LJXUH(VWLPDWHGNOYDOXHGXULQJDEUDNLQJPDQRHXYUHUHSURGXFHGIURP>@

$QDOWHUQDWLYHDSSURDFKLVSURSRVHGLQ>@ZKHUHNOLVHVWLPDWHGWKURXJKWKHSRZHUVSHFWUXP
GHQVLW\36'RIWKHZKHHOYHORFLW\)LJXUHDQGWKHW\UHURWDWLRQDOYLEUDWLRQPRGHO

 
 
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

ZKHUH ,Z DUHPRPHQWV RI LQHUWLD DW WKH W\UH ULP DQG EHOW VLGHV FRUUHVSRQGLQJO\ Z DUH
URWDWLRQDOYHORFLWLHVDWWKHW\UHULPDQGEHOWVLGHVFRUUHVSRQGLQJO\.LVWKHW\UHWRUVLRQDOVSULQJ
VWLIIQHVV7G LV WKH HTXLYDOHQW WRUTXH IURP URDG GLVWXUEDQFHVTV LV WKH WRUVLRQDO DQJOH 7KH
OLQHDUL]DWLRQ RI WKH V\VWHP  ZLWK WKH DFFRXQWLQJ IRU WKH VORSH NO DOORZV WR SURSRVH D
VLPSOLILHGH[SUHVVLRQIRUWKHSHUWXUEDWLRQRIWKHWRUTXHIURPWKHORQJLWXGLQDOIRUFH7Z )[UG\Q


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)LJXUH([DPSOHVRISRZHUVSHFWUXPGHQVLW\RIZKHHOYHORFLW\IRUGLIIHUHQWVXUIDFHV>@

&RQVLGHULQJIXUWKHUWKHWUDQVIHUIXQFWLRQVIURPWKHWRUTXH7GWRWKHYHORFLW\Z

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

DK\SRWKHVLVKDVEHHQSURSRVHGLQ>@WKDWWKHVWUHQJWKRIWKHUHVRQDQFHIUHTXHQF\RI*V
GHSHQGRQWKHNOYDOXHWKHUHIRUHWKHVORSHNOFDQEHHVWLPDWHGWKURXJKWKHDQDO\VLVRIIUHTXHQF\
FKDUDFWHULVWLFV RI WKH ZKHHO YHORFLW\  ,W VKRXOG EH PHQWLRQHG WKDW VXFK DSSURDFK LV TXLWH
VHQVLWLYH WR WKH TXDOLW\ RI VHQVRU VLJQDOV ,Q DGGLWLRQ LWV UREXVWQHVV LV QRW VXIILFLHQWO\
LQYHVWLJDWHGIRUDYDULHW\RISRVVLEOHURDGDQGRSHUDWLRQDOFRQGLWLRQV

7KHXVHRIWKHVORSHNOIRUWKHURDGIULFWLRQLGHQWLILFDWLRQLVDOVRFRQVLGHUHGLQVWXGLHV>@DQG
>@WKURXJKWKHDSSOLFDWLRQRIWKHOLQHDUUHJUHVVLRQZLWKWLPHYDU\LQJSDUDPHWHUV

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

ZKHUHGLVDQRIIVHWDVVXPLQJWKDWWKHVOLSLVQRW]HURZKHQWKHQRUPDOL]HGORQJLWXGLQDOW\UH
IRUFHLVHTXDOWR]HUR

G O   

)RU WKH W\UH IULFWLRQ DVVHVVPHQW WKURXJK WKH H[SUHVVLRQ  WKH /HDVW 0HDQ 6TXDUHV
5HFXUVLYH/HDVW6TXDUHRUWKH.DOPDQILOWHUFDQEHSDUWLFXODUO\DSSOLHG
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7KHGHVFULEHG SURFHGXUHV DUH VHQVLEOH WR WKH TXDOLW\ RIZKHHO YHORFLW\ VLJQDOV DQG UHTXLUHV
DGYDQFHG HOHPHQWV LQ WKH HVWLPDWRU DUFKLWHFWXUH WR UHFRJQL]H SURSHUO\ DQ HYHQWXDO VXGGHQ
FKDQJHRIWKHURDGVXUIDFHGXULQJWKHHVWLPDWLRQSURFHVV,QWKLVFRQQHFWLRQPRUHUREXVWDQG
FRPSUHKHQVLYHPHWKRGVZLWKWKHXVHRIDGGLWLRQDOVHQVRUVDUHSURSRVHGLQYDULRXVVWXGLHV,Q
SDUWLFXODUVHYHUDOVHQVRUFRQILJXUDWLRQVIRUW\UHURDGIULFWLRQHVWLPDWRUVDUHGLVFXVVHGLQ>@
LHQJLQHDQGEUDNHWRUTXHVLJQDOVIURPWKHYHKLFOH&$1DQG*36VLJQDOLLHQJLQHDQGEUDNH
WRUTXHVLJQDOV IURP WKHYHKLFOH&$1DQG ORQJLWXGLQDODFFHOHURPHWHU LLL HQJLQHDQGEUDNH
WRUTXH VLJQDOV IURP WKH YHKLFOH &$1 DQG ORQJLWXGLQDO DQG YHUWLFDO DFFHOHURPHWHUV LY
ORQJLWXGLQDODFFHOHURPHWHUDQG*36VLJQDO,QSDUWLFXODUIRUWKHFRQILJXUDWLRQLWKHSURFHGXUH
RIW\UHURDGORQJLWXGLQDOIRUFHHVWLPDWLRQFDQEHGHULYHGIURPWKH'2)YHKLFOHPRGHOVHH
(TZLWKWKHIROORZLQJREVHUYHUHTXDWLRQV

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

ZKHUHKLVWKHSRVLWLYHHVWLPDWRUJDLQƐLVWKHREVHUYHUJDLQDQGWKHHVWLPDWLRQHUURUVDUH

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

7KHPDWKHPDWLFDOIRUPXODWLRQRIUHODWHGHVWLPDWLRQDOJRULWKPVLQ>@LVEDVHGRQDUHFXUVLYH
OHDVWVTXDUHV SDUDPHWHU LGHQWLILFDWLRQ 7KH HVWLPDWRU FRQFHSW  XVLQJ WKH
LQIRUPDWLRQDERXWHQJLQHDQGEUDNHWRUTXHVLJQDOVKDVDQXPEHURIGLVDGYDQWDJHVUHODWHGWR
UHOLDELOLW\ DQG ODWHQF\ RI &$1 GDWD 6HYHUDO VWXGLHV FRQVLGHUHG RWKHU VROXWLRQV ZLWK GLUHFW
VHQVRUPHDVXUHPHQWVRISDUDPHWHUVUHODWHGWRWKHZKHHOWRUTXH)RUH[DPSOHWKHZRUN>@
SURSRVHGDVLPSOHPRGHOEDVHGIRUPXODWLRQRIWKHW\UHIULFWLRQFRHIILFLHQWIURPWKH'2)DQG
'2)YHKLFOHPRGHOVDQGWKHK\GUDXOLFPRGHORIWKHEUDNHV\VWHP

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
ZKHUHLQGLFHV IO IUUODQGUUFRUUHVSRQGWRWKHIURQW OHIW IURQWULJKWUHDUOHIWDQGUHDUULJKW
ZKHHOVFSIDUHWKHSUHVVXUHUDWLREHWZHHQWKHIURQWOHIWDQGIURQWULJKWZKHHOVFSUDUHWKHSUHVVXUH
UDWLREHWZHHQWKHUHDUOHIWDQGUHDUULJKWZKHHOVEWLVWKHEUDNHIRUFHGLVWULEXWLRQFRHIILFLHQW
UHODWHGWRJHRPHWU\RIEUDNHF\OLQGHUV7KHSUHVVXUHUDWLRLQ(TFDQEHGHGXFHGEDVHG
RQWKHSUHVVXUHVHQVRUVLJQDOVLQWKHEUDNHV\VWHP7KHXVHRIEUDNHSUHVVXUHVHQVRUVKDVDOVR
VRPHOLPLWDWLRQVDIIHFWLQJWKHSUHFLVLRQRIHVWLPDWLRQSURFHGXUH,QSDUWLFXODUWKHVWXG\>@
LQYHVWLJDWHG WKH UHDOWLPHPD[LPXP IULFWLRQ FRHIILFLHQW HVWLPDWRUZLWK WKH ORQJLWXGLQDO W\UH
IRUFHHVWLPDWRUZKHUHWKHEUDNHWRUTXHLVRQHRIWKHHVWLPDWRUFRPSRQHQWVDQGLVFDOFXODWHGDV

 EU % EU EU7 . S S  

7KHSDUDPHWHU.% LQ(TLV WKHEUDNHJDLQSEU LV WKHDFWXDOEUDNHSUHVVXUHSEU LV WKH
SXVKRXW RUSUHORDGEUDNHSUHVVXUH LQ WKHEUDNHF\OLQGHU$QDO\VLVRIH[SHULPHQWDO UHVXOWV
JLYHQLQ>@KDVVKRZQWKDWHVWLPDWLRQSURFHGXUHZLWKWKHXVHRIWKHEUDNHSUHVVXUHVHQVRUV
LVFKDUDFWHUL]HGE\FHUWDLQGHOD\VDQGWUDQVLHQWSURFHVVHV)LJXUH6RPHGUDZEDFNRIWKLV
DSSURDFKFRQVLVWLQXQFHUWDLQFKDUDFWHURISEUYDOXHZKLFKLVKDUGWRGHILQHDFFXUDWHO\


)LJXUH([DPSOHRIEUDNHJDLQHVWLPDWLRQIURP>@

6HYHUDOVWXGLHVDUHNQRZQZKLFKDSSO\DPRUHFRPSOH[VHQVRUWHFKQLTXH7KHUHVHDUFKHUVRI
+RQGD>@KDYHXVHGDFRPELQDWLRQRILVWUDLQJDXJHVWRPHDVXUHD[LDOIRUFHVRIWKHZKHHO
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
DQG LL VL[FRPSRQHQW G\QDPRPHWHU LQVWDOOHG RQ WKH ZKHHO KXE 7KH XVH RI WKH ZKHHO
G\QDPRPHWULF KXE ZKLFK LV DGYDQFHG ZLWK WKH EHDULQJV HTXLSSHG ZLWK WKH G\QDPLF ORDG
VHQVRUVLVDOVRPHQWLRQHGLQWKHVWXG\RI5HQDXOW>@:LWKWKHVHVHQVRUVSUHGLFWLYHYDOXHV
RI WKH W\UHURDG IULFWLRQ FRHIILFLHQW FDQ EH REWDLQHG )LJXUH  DQG IXUWKHU DSSOLHG WR WKH
SKHQRPHQRORJLFDO HVWLPDWRU DV IRU (T  EDVHG RQ WKH .DOPDQ ILOWHU +RZHYHU WKH
FRPPHUFLDO DFWLYH VDIHW\ V\VWHPVRQPDVVSURGXFWLRQFDUV FDQQRW LPSOHPHQW QRZDGD\V WKH
G\QDPRPHWULF VHQVRUV GXH WR WHFKQRORJLFDO OLPLWDWLRQV 6XFK PHDVXUHPHQW GHYLFHV DUH
JHQHUDOO\ XVHG LQ WKH HVWLPDWRU GHVLJQ IRU WKH YDOLGDWLRQ DQGYHULILFDWLRQ SXUSRVHV >@ ,W
VKRXOGEHPHQWLRQHGWKDWWKHTXDOLW\RIIULFWLRQFRHIILFLHQWLGHQWLILFDWLRQREWDLQHGZLWKWKHVH
GHYLFHVFDQEHQRWVXIILFLHQWIRUDFWLYHVDIHW\V\VWHPVFRQWUROWDVNVVHHVLJQDOGHYLDWLRQVRQ
)LJXUH0RUHRYHUNQRZQVWXGLHVLQWKLVDUHDGLVFXVVUDUHO\WKHERXQGDU\FRQGLWLRQVDQG
FRQILGHQFHSDUDPHWHUVIRUWKLVNLQGRIPHDVXUHPHQWV


)LJXUH([DPSOHRIIULFWLRQFRHIILFLHQWPHDVXUHPHQWIURP>@

3UHYLRXVSDUDJUDSKVKDYHPHQWLRQHGWKHDSSOLFDWLRQRIUHFXUVLYHPHWKRGVDVZHOODVWKH.DOPDQ
ILOWHULQJ>@IRUWKHHVWLPDWLRQRIWKHW\UHSDUDPHWHUV6HYHUDORWKHUPHWKRGVDUHDOVRNQRZQ
LQWKLVUHJDUGIURPWKHDQDO\VLVRIUHVHDUFKSXEOLFDWLRQV
x 0RGHOEDVHGHVWLPDWLRQZLWKWKHXVHRIVHQVRUVDYDLODEOHLQ(6&V\VWHP>@
x 'LDJQRVLVEDVHGHVWLPDWLRQZLWKLQDQDOJHEUDLFIUDPHZRUN LQSDUWLFXODUZLWKXVHRI
WKH'XJRIIW\UHPRGHODQGVHQVRUVDYDLODEOHLQ(6&V\VWHP>@
x 0D[LPXPOLNHOLKRRGDQGUHFXUVLYHPD[LPXPOLNHOLKRRGDSSURDFK>@
x $GDSWLYHREVHUYHUVLQSDUWLFXODU/\DSXQRYRU/XHQEHUJHUDGDSWLYHREVHUYHUV>@
x 1HXUDOQHWZRUNVIRUH[DPSOH5DGLDO%DVLV)XQFWLRQQHXUDOQHWZRUNVZLWKWKHXVHRI
/X*UHW\UHPRGHO>@RU0XOWL/D\HU3HUFHSWURQVQHWZRUNVZLWKWKHXVHRIW\UHEUXVK
PRGHO>@
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
x 6OLGLQJPRGHREVHUYHUV>@>@
x $GYDQFHG.DOPDQ ILOWHUV IRU H[DPSOHZLWK %D\HVLDQ K\SRWKHVLV VHOHFWLRQ >@ RU
IX]]\LGHQWLILFDWLRQPHWKRGV>@

3HUIRUPDQFHRIDQ\HVWLPDWLRQWHFKQLTXHGHSHQGVVWURQJO\RQWKHVHWRIVHQVRUVDQGPHDVXUDEOH
VLJQDOV DYDLODEOH IRU WKH REVHUYDWLRQ RI UHTXLUHG YHKLFOH G\QDPLFV SDUDPHWHUV 5HFHQW
WHFKQRORJLHVPDNHLWSRVVLEOHWRXVHQRWRQO\VWDQGDUG$%6(6&HTXLSPHQWOLNHZKHHOVSHHG
VHQVRUV DFFHOHURPHWHUV RU \DZ UDWH VHQVRUVEXW DOVR DGYDQFHGPHDVXULQJGHYLFHV LQFOXGLQJ
H[WHUQDO RQURDG VHQVRUV 'LIIHUHQW PHWKRGRORJLHV IRU GHILQLWLRQ RI FRUUHVSRQGLQJ W\UH
SDUDPHWHUVDUHGLVFXVVHGLQQH[WVHFWLRQ

8VHRIURDGLQIRUPDWLRQIRUGHILQLWLRQRIW\UHSDUDPHWHUV

3URJUHVV LQ ,76WHFKQRORJLHVPRWLYDWHGWKHGHYHORSPHQWRIQHZURDGLQIUDVWUXFWXUHGHYLFHV
ZKLFKFDQDOVR VXSSRUW WKHRSHUDWLRQRI DFWLYH VDIHW\ V\VWHPVE\SURYLGLQJ WKH LQIRUPDWLRQ
DERXWURDGVXUIDFH+RZHYHUQRWRQO\RQURDGEXWDOVRDGYDQFHGRQYHKLFOHVHQVRUVDUHQRZ
DEOHWRGHWHFWURDGVXUIDFHFRQGLWLRQVIRUIXUWKHUXWLOL]DWLRQRIWKLVLQIRUPDWLRQLQDXWRPRWLYH
FRQWURO V\VWHPV 5HOHYDQW PHWKRGV DUH JHQHUDOO\ EDVHG RQ SURFHVVLQJ RI L DFRXVWLF LL
YLEUDWLRQ DQG LLL RSWLFDO SKHQRPHQD 6HYHUDO H[DPSOHV RI FRUUHVSRQGLQJ DSSOLFDWLRQV DUH
LQWURGXFHGEHORZ

L7KHYDULDQWRIRQERDUGV\VWHPEDVHGRQUHDOWLPHDFRXVWLFDQDO\VLVRIW\UHURDGQRLVHKDV
EHHQLQYHVWLJDWHGLQ>@7KHWHVWYHKLFOHLVHTXLSSHGZLWKWKHPLFURSKRQH)LJXUHDWR
PHDVXUH QRLVH IURP W\UHURDG LQWHUDFWLRQ )LJXUH E 7KH SURFHVVLQJ RI QRLVHUHODWHG
SDUDPHWHUVOLNHIUHTXHQFLHVLQGLIIHUHQWGRPDLQVVKRXOGDOORZWRLGHQWLI\DWOHDVW WKHGU\DQG
ZHWDVSKDOWFRQFUHWHDVZHOODVDWUDQVLWLRQEHWZHHQWKHVHVXUIDFHV6RPHGLVDGYDQWDJHVRIWKLV
DSSURDFKFRQVLVWQRWRQO\LQDOLPLWHGQXPEHURILGHQWLILHGFDVHVEXWDOVRLQORZUHVSRQVHWLPH
UHVXOWVIURP>@LQGLFDWHWKDWVHFDQGPRUHLVUHTXLUHGWRGHWHFWWKHFKDQJHRIURDGVXUIDFH
6HYHUDORWKHUVWXGLHVJLYHSDUWLFXODUDWWHQWLRQIRUDFRXVWLFEDVHGURDGLGHQWLILFDWLRQXVLQJWKH
XOWUDVRQLFWHFKQLTXH>@>@6XFKDQDSSURDFKFDQUHFHLYHLQIXWXUHDZLGHUDSSOLFDWLRQ
ZLWK HPEHGGLQJ RI ORZFRVW XOWUDVRQLF VHQVRUV GLUHFWO\ RQ YHKLFOHV0RUH VXUIDFHV FDQ EH
FODVVLILHGWKURXJKWKHSURFHVVLQJRIWUDIILFQRLVHZLWKWKHVWDWLVWLFDOPHWKRGV7KHFRUUHVSRQGLQJ
DSSURDFK IURP>@ LVEDVHGRQ WKHFORVHSUR[LPLW\PHWKRGZKLFKXVHV WKHSDUDPHWHUVRI
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
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
PDFURWH[WXUHRIVXUIDFHDQGWKHWUDIILFQRLVHLQQHDUILHOGFRQGLWLRQV7KHUHVXOWVRIWKHVWXG\
>@LQGLFDWHGWKHUHFRJQLWLRQRIILYHGLIIHUHQWDVSKDOWPL[HV)LJXUHZLWKWKHSUHFLVLRQ
UDWHKLJKHUDV$VGLIIHUHQWLDWHGIURPSUHYLRXVH[DPSOHWKLVPHWKRGXVHVRQURDGGHYLFHV
IRUQRLVHPHDVXUHPHQW7KHUHIRUH WKH URDGWRYHKLFOHFRPPXQLFDWLRQ LV UHTXLUHGZKHQ WKH
GHWHFWHGW\SHRIURDGVXUIDFHVKRXOGEHXWLOL]HGLQDQRQERDUGFRQWUROOHU3DUWLFXODUDWWHQWLRQ
VKRXOGEHJLYHQWRWKHIDFWWKDWUREXVWQHVVRIWKHGLVFXVVHGDSSURDFKFDQQRWEHJXDUDQWHHGLQ
WKHFDVHRILQWHUIHUHQFHRIQRLVHIURPW\UHURDGLQWHUDFWLRQDQGIURPH[WHUQDOQRLVHVRXUFHV





D

E
)LJXUH$FRXVWLFLGHQWLILFDWLRQRIURDGVXUIDFHPLFURSKRQHORFDWLRQDDQGH[DPSOHRI
XQZHLJKWHGW\UHURDGQRLVHEGXULQJDGU\ZHWGU\WUDQVLWLRQUHSURGXFHGIURP>@

 
)LJXUH1RLVHHYROXWLRQDQGQRLVHVSHFWUDIRUILYHGLIIHUHQWURDGWUDFNVDQDO\VHGIRUWKHYHKLFOH
VSHHGRINPKUHSURGXFHGIURP>@

LL7KHV\VWHPVLGHQWLI\LQJWKHURDGVXUIDFHW\SHIURPYLEUDWLRQSDUDPHWHUVKDYHJHQHUDOO\RQ
ERDUG LPSOHPHQWDWLRQ )RU H[DPSOH WKH ZRUN >@ SURSRVHV WKH URDG LGHQWLILFDWLRQ E\
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
PHDVXULQJ WKH DFFHOHUDWLRQV RI WKH YHKLFOH ERG\ DQG WKH ZKHHO 7KH YLEUDWLRQ DQDO\VLV RI
IUHTXHQF\VSHFWUXP)LJXUHEDVHGRQZDYHOHWWUDQVIRUP)DVW)RXULHU7UDQVIRUPDWLRQDQG
WUDLQLQJ XVLQJ WKH UDGLDO EDVLV IXQFWLRQ QHWZRUN FODVVLILHU DOORZHG LGHQWLI\LQJ ERWK URXJK
EODFNWRSDQGILQHPDWWHVVVXUIDFHV,QVSLWHRIJRRGSRVVLELOLWLHVWRPHDVXUHZKHHOYLEUDWLRQV
ZLWKDFFHOHURPHWHUVLWVKRXOGEHPHQWLRQHGWKDWODFNRIHIILFLHQWSURFHVVLQJPHWKRGVUHVWUDLQV
WKHDSSOLFDWLRQRIYLEUDWLRQEDVHGURDGLGHQWLILFDWLRQLQDFWLYHVDIHW\V\VWHPV

)LJXUH)UHTXHQF\VSHFWUXPRIZKHHOYLEUDWLRQLQGRPDLQN+]UHSURGXFHGIURP>@

LLL2SWLFDO LQIRUPDWLRQ FDQ EH DOVR XVHG IRU WKH GHWHFWLRQ RI SDUDPHWHUV RI YHKLFOHURDG
LQWHUDFWLRQ,QSDUWLFXODUDODVHUGLVSODFHPHQWVHQVRUDQG&&'FDPHUDIRXQGDSSOLFDWLRQVWR
PHDVXUH WKH FDPEHU DQJOH DQG VOLS DQJOH >@6HYHUDO VWXGLHV DUH NQRZQZKHUH WKH URDG
VXUIDFHFDQEHLGHQWLILHGZLWKWKHXVHRILPDJHSURFHVVLQJ)RUH[DPSOHWKHZRUN>@KDV
FRQVLGHUHG WKHDVVHVVPHQWRISRODUL]DWLRQ LQWHQVLW\RIURDGVXUIDFH LPDJHVFDSWXUHGE\ ,76
UHODWHGVHQVRUWHFKQLTXH,WZDVVKRZQWKDWZDWHURQWKHURDGFDQEHUHFRJQL]HGE\WKHUDWLRRI
KRUL]RQWDOSRODUL]DWLRQLPDJHLQWHQVLW\WRYHUWLFDOSRODUL]DWLRQLPDJHLQWHQVLW\IRUHDFKSL[HORI
WKHLPDJH7KHVQRZURDGFDQEHUHFRJQL]HGE\WH[WXUHDQDO\VLVXVLQJWKHFRRFFXUUHQFHPDWUL[
:LWKWKLVDSSURDFKWKHUHVXOWVRILGHQWLILFDWLRQRIILYHW\SHVRIVXUIDFHVGU\ZHWVOXVK\
LF\DQGVQRZ\ZHUHSUHVHQWHG*HQHUDOO\WKHXVHRIWKHLPDJHSURFHVVLQJLVYHU\OLPLWHG
QRZ IRU UHDOWLPH DSSOLFDWLRQV GXH WR FRPSXWLQJ WLPH SUHFLVLRQ DQG RWKHU IDFWRUV
1HYHUWKHOHVV WKHSRWHQWLDORI WKLVPHWKRG LVEHLQJ LQFUHDVHGFRQWLQXRXVO\ZLWKHPHUJLQJRI
QHZLPDJHSURFHVVLQJWHFKQRORJLHVDQGFKHDSRQERDUGFDPHUDVKDYLQJVXIILFLHQWSHUIRUPDQFH
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
$QDOWHUQDWLYHDSSURDFKLVGLVFXVVHGLQ>@ZKHUHWKHRQERDUGV\VWHPLQFOXGHVDKDORJHQ
OLJKW D VSHFWURPHWHU DQG WKH VSHFLDO 5RDG (\H VHQVRU FRQVLVWLQJ RI ODVHU GLRGHV DQG
SKRWRGLRGHV3UDFWLFDOO\WKHPHWKRGDVVHVVHVWKHUHIOHFWDQFHRIVXUIDFHVREWDLQHGLQDQDQJXODU
VSHFWUDOO\UHODWHGPHDVXUHPHQW7KHUHVXOWVRIURDGWHVWV)LJXUHFRQILUPHGWKDWVXUIDFHV
ZLWKGLVWLQFWSURSHUWLHVGU\DVSKDOWLFHVQRZFDQEHGHWHFWHGIURPWKHDQDO\VLVRIUHIHUHQFH
DQGDEVRUELQJZDYHOHQJWKV+RZHYHUWKHPHQWLRQHGVWXG\GLGQRWGLVFXVVDSSOLFDELOLW\RIWKLV
V\VWHPIRUWKHLGHQWLILFDWLRQRIURDGVXUIDFHVZLWKGLIIHUHQWZHWQHVVJUDGH


)LJXUH7KHUDWLRGLVWULEXWLRQVRIUHDOOLIHPHDVXUHPHQWVZLWKWKH5RDG(\HVHQVRULQVWDOOHGRQ
WKHWHVWYHKLFOH<D[LV4XDQWLW\RIPHDVXUHPHQWVUHSURGXFHGIURP>@

6HYHUDOGHYHORSPHQWVSURSRVHLQWHJUDWLRQRIGLIIHUHQWVHQVRUVDQGPHDVXUHPHQWPHWKRGVIRU
LGHQWLILFDWLRQ DQG HVWLPDWLRQ RI W\UHURDG LQWHUDFWLRQ SDUDPHWHUV $Q H[DPSOH RI WKH
FRUUHVSRQGLQJ V\VWHP FRQFHSW LV GHVFULEHG LQ >@ )LJXUH  ZKHUH WKH FRPELQDWLRQ RI
WUDGLWLRQDOYHKLFOHVHQVRUVZLWKDGGLWLRQDORSWLFDODQGDFRXVWLFVHQVRUVKDVEHHQXVHGIRUWKH
URDGZHWQHVVGHWHFWLRQ
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

)LJXUH&RQFHSWRILQWHJUDWHGV\VWHPIRUURDGIULFWLRQLGHQWLILFDWLRQUHHGLWHGIURP>@

$QDO\VLVRIUHFHQWWHFKQRORJLHVRIDFWLYHVDIHW\V\VWHPVHVSHFLDOO\IRUYHKLFOHVDVFRPSRQHQWV
RI ,QWHOOLJHQW 7UDQVSRUWDWLRQ 6\VWHPV VKRZV WKDW VHQVRU IXVLRQ EHFRPHV PRUH DQG PRUH
LPSRUWDQFHIRUWKHFRPSXWLQJRIW\UHURDGLQWHUDFWLRQSDUDPHWHUV1H[WVHFWLRQZLOOGLVFXVVD
YDULDQWRIFRUUHVSRQGLQJW\UHURDGLGHQWLILFDWLRQV\VWHP



 
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
3DUWLFXODU&DVHRI,GHQWLILFDWLRQRI7\UH3DUDPHWHUV8VLQJ2Q
%RDUGDQG2Q5RDG,QIRUPDWLRQ

*HQHUDODSSURDFK

7KHPHWKRGVRIWKHLGHQWLILFDWLRQRIW\UHSDUDPHWHUVZKLFKZLOOEHIXUWKHU LQWURGXFHGKDYH
EHHQGHYHORSHGE\WKHDXWKRUZLWKLQWKHIUDPHZRUNRIVHYHUDOUHVHDUFKSURMHFWVFDUULHGRXWDW
7HFKQLVFKH8QLYHUVLWlW,OPHQDX)X]]\(QYLURQPHQWRI7\UH6XUIDFH,QWHUDFWLRQIXQGHGE\
$OH[DQGHU YRQ+XPEROGW )RXQGDWLRQ DQG ,QWHUIDFH RI ,QWHOOLJHQW&RQWURO 3KLORVRSK\ DQG
0HFKDWURQLFV7HFKQRORJ\IRU7\UH6XUIDFH,QWHUDFWLRQIXQGHGE\WKH(XURSHDQ&RPPLVVLRQ
XQGHU0DULH&XULH,QWHUQDWLRQDO,QFRPLQJ)HOORZVKLS0DMRUUHVXOWVRIWKHVHSURMHFWVKDYHEHHQ
SXEOLVKHGLQ>@>@>@>@>@>@>@7KHFRUUHVSRQGLQJLGHQWLILFDWLRQ
PHWKRGUHFHLYHGWKH(XURSHDQSDWHQW(3>@



)LJXUH&RQFHSWRIVXUIDFHDQDO\VHU>@

7KHSURWRW\SHV\VWHPXQGHUFRQVLGHUDWLRQFRQVLVWVRIWKHRQURDGDQGRQERDUGSDUWV)LJXUH
7KHRQERDUGSDUWLQFOXGHVHOHPHQWVDQGGHYLFHVLQWHUSUHWLQJWKHUHFHLYHGURDGLQIRUPDWLRQ
IRUWKHYHKLFOHFRQWURODQGGULYHUDVVLVWDQFH7KHIXQFWLRQVRIWKHRQURDGSDUWDUHGHWHFWLRQDQG
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
SUHGLFWLRQ RI DFWXDO IULFWLRQ FRQGLWLRQV RI WKH URDG VXUIDFH 7KLV SDUW XQLWHV D FRPSOH[ RI
GHYLFHVZKLFKFDQEHLPSOHPHQWHGLQWKHURDGLQIUDVWUXFWXUH
x (QYLURQPHQWVHQVRUVGHWHFWWKHWH[WXUHRIURDGVXUIDFHWKHWHPSHUDWXUHRIDPELHQWDLU
DQGURDGVXUIDFHWKHPRLVWXUHWKHLFHSRLQWWHPSHUDWXUHDQGWKHSUHFLSLWDWLRQLQWHQVLW\
x 'DWDSURFHVVLQJGHYLFHLVDSURFHVVRUFRPSXWLQJSK\VLFDOSDUDPHWHUVRIWKHURDG7KH
FRPSXWHGGDWDVKRXOGEHKDQGOHGLQQXPHULFDODQGOLQJXLVWLFIRUPVWRHQVXUHWKHLUHDV\
WRXVHLQWHUSUHWDWLRQERWKIRUYHKLFOHFRQWUROV\VWHPVDQGKXPDQPDFKLQHLQWHUIDFH
x 'DWD WUDQVIHU SURYLGHV ZLUHOHVV FRPPXQLFDWLRQ IRU WKH FRPSXWHG URDG VXUIDFH
FKDUDFWHULVWLFVIURPWKHVXUIDFHDQDO\VHUWRWKHYHKLFOH

7KHSURSRVHGDUFKLWHFWXUHRIVXUIDFHDQDO\VHUFDQEHDOVRDGDSWHGWRRIIURDGFRQGLWLRQVIRUWKH
LGHQWLILFDWLRQRIW\UHVRLOJURXQGSDUDPHWHUV7DNLQJLQWRDFFRXQWVXUIDFHFODVVLILFDWLRQWDVNV
WKHORJLFRIWKHGHVFULEHGV\VWHPFDQEHSURSRVHGRQWKHEDVLVRIFRPSXWDWLRQDOLQWHOOLJHQFH
PHWKRGV7KLVLVIXUWKHUGLVFXVVHGE\WKHH[DPSOHRIIX]]\PHWKRGV

)X]]\LGHQWLILFDWLRQV\VWHPIRUW\UHVXUIDFHLQWHUDFWLRQSDUDPHWHUV

2QHRINH\FKDOOHQJHVIRUDGYDQFHGDFWLYHVDIHW\V\VWHPVLVWKHIRUHFDVWLQJRISRVVLEOHFKDQJHV
LQGULYLQJHQYLURQPHQW7KLVDOORZVGHYHORSLQJWKHFRQWUROVWUDWHJLHVZLWKSUHHPSWLYHIHHG
IRUZDUG HOHPHQWV +RZHYHU WKH IRUHFDVWLQJ DQG LGHQWLILFDWLRQ RI W\UHURDG LQWHUDFWLRQ
SDUDPHWHUVFRPHVXSDJDLQVWWKHSUREOHPRIXQFHUWDLQW\7ZRNLQGVRIYDJXHVLWXDWLRQVWDNH
SODFHKHUHQXPHULFDODQGOLQJXLVWLFXQFHUWDLQW\1XPHULFDOXQFHUWDLQW\ UHIHUV WRXQH[SHFWHG
RVFLOODWLRQVRIW\UHURDGIULFWLRQFRHIILFLHQW7KHFRQFHSWRIOLQJXLVWLFXQFHUWDLQW\LVDSSOLFDEOH
WR VLWXDWLRQV ZKHQ WKH V\VWHP UHFRJQLVHV FRUUHFWO\ WKH FKDQJLQJ DQ RXWSXW YDULDEOH IRU
LQVWDQFHW\UHURDGIULFWLRQRUW\UHIRUFHEXWLVQRWDEOHWRWUHDWSURSHUWKLVLQIRUPDWLRQIRUWKH
FRQWURODOJRULWKP)RUH[DPSOHWKHW\UHURDGIULFWLRQGURSVGXULQJWKHPDQRHXYHUIURPWR
7KHYDOXHRI FDQUHIHUHTXDOO\WRWKHLFHGURDGRUWRWKHVXUIDFHZLWKDKLJKZDWHU
ILOP.QRZLQJWKHVXUIDFHW\SHWKHDGYDQFHGDFWLYHVDIHW\V\VWHPFDQSUHGLFWWKHSURSDJDWLRQ
RIDFULWLFDOGULYLQJVLWXDWLRQDQGSHUIRUPVIHHGIRUZDUGFRQWURODFWLRQV

7KH W\UH IULFWLRQ LGHQWLILFDWLRQ V\VWHP XQGHU GLVFXVVLRQ FDQ KDQGOH ERWK QXPHULFDO DQG
OLQJXLVWLFXQFHUWDLQW\DQGLVEDVHGRQIX]]\VHWV7KLVDSSURDFKKDVEHHQFKRVHQILUVWRIDOOGXH
WR LWVJRRGDSSOLFDELOLW\ERWKWR WKHVKRUWWHUPDQGORQJWHUPG\QDPLFSURFHVVHV LQ W\UHURG
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
FRQWDFW,QDGGLWLRQIX]]\PRGHOVDOORZSULPDULO\GHGXFLQJG\QDPLFYDULDEOHVQRWRQO\IURP
WKHGLUHFWEXWDOVRIURPWKHLQGLUHFWLQGLFDWRUV7KHSURSRVHGWKUHHOD\HUFDVFDGHPRGHORIW\UH
IULFWLRQLVVKRZQRQ)LJXUH


)LJXUH,QIRUPDWLRQVWUXFWXUHRIIX]]\W\UHURDGIULFWLRQPRGHO>@

7KHILUVWIX]]\LQIHUHQFHV\VWHP),6³7H[WXUH´RSHUDWHVZLWKDVHWRILQSXWYDULDEOHVDVWKH
KHLJKWRIPLFURSURILOHNDQGPDFURSURILOHODQGDQRSWLRQDOYDULDEOHGHVFULELQJWKHUHIOHFWLRQ
SURSHUWLHVRIWKHVXUIDFHIRUH[DPSOHWKHDOEHGRYDOXH$E7KHRXWSXWYDULDEOHRIWKHIX]]\
LQIHUHQFHV\VWHP³7H[WXUH´LVWKHSULPDU\FRHIILFLHQWRIUROOLQJIULFWLRQSULPIRUDSDUWLFXODU
URDGVXUIDFHW\SH7KLV),6SHUIRUPVWKHLQLWLDOURDGLGHQWLILFDWLRQDQGWKHYDOXHRISULPFDQEH
QH[W FRUUHFWHG LQ FRPSOLDQFH ZLWK DFWXDO HQYLURQPHQWDO FRQGLWLRQV )RU WKLV SXUSRVH WKH
SDUDPHWHU SULP LV VLPXOWDQHRXVO\ WKH LQSXW YDULDEOH IRU QH[W IX]]\ LQIHUHQFH V\VWHP
³(QYLURQPHQW´ 2WKHU LQSXW YDULDEOHV DUH WKH URDG VXUIDFH WHPSHUDWXUH 7F WKH DPELHQW
WHPSHUDWXUH7H WKHPRLVWXUHU DQG WKH SUHFLSLWDWLRQ LQWHQVLW\ L 7KH RXWSXW YDULDEOH LV WKH
IULFWLRQFRHIILFLHQWE\WKHHQYLURQPHQWDOFRQGLWLRQVHQY6XFKDQDSSURDFKDOORZVVKRUWWHUP
SUHGLFWLRQRIWKHURDGIULFWLRQ,WDOORZVDQWLFLSDWLQJDQXPEHURIVLWXDWLRQVWKDWPD\RFFXUZLWK
HQYLURQPHQWDO IDFWRUV FKDQJLQJ WKH YDOXH RI WKH SULPDU\ IULFWLRQ FRHIILFLHQW SULP 7KLV
SDUDPHWHUFDQEHDOUHDG\XVHGLQDOJRULWKPVRIDFWLYHVDIHW\V\VWHPV

1HYHUWKHOHVV LWPDNHV VHQVH WR UHILQH WKHSULPYDOXH LQ DFFRUGDQFHZLWK WKH DFWXDO YHKLFOH
PRWLRQG\QDPLFV7KLVIXQFWLRQLVEHLQJFDUULHGRXWE\WKHWKLUG),6³'\QDPLFV´UHDOLVHGDVDQ
RQERDUGFRQWUROOHU ,W LVDVVXPHG WKDW WKHSDUDPHWHUHQY LVEHLQJ WUDQVPLWWHG IURP WKH ,76
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
LQIUDVWUXFWXUHWR WKHYHKLFOHDQGLVRQHRIWKHIX]]\LQSXWYDULDEOHV WRJHWKHUZLWKWKHZKHHO
YHORFLWLHVZWKHZKHHOVOLSVWKHVLGHVOLSDQJOHDDQGWKHQRUPDOZKHHOORDGLQJ)]8VLQJDOO
WKHOLVWHGLQSXWYDULDEOHVWKH),6³'\QDPLFV´GHGXFHVWKHDFWXDOW\UHURDGIULFWLRQFRHIILFLHQW
DFW'XULQJWKHVWUDLJKWOLQHPDQRHXYUHVWKHSDUDPHWHUDFWFDQEHFRQVLGHUHGDVWKHVSHFLILF
ORQJLWXGLQDOW\UHIRUFH[%\RWKHUGULYLQJVLWXDWLRQVWKHV\VWHPFDQGHGXFHERWKWKH[DQGWKH
VSHFLILFODWHUDOW\UHIRUFH\IURPWKHDFW±YDOXH

&UHDWLQJDIX]]\LQIHUHQFHV\VWHPWKHLQWURGXFWLRQRIIX]]\VHWVLVUHTXLUHGRQWKHILUVWVWHS
)LJXUHJLYHVDQH[DPSOHRIWKHLUGHVFULSWLRQIRUWKH),67H[WXUH7KLVGHVFULSWLRQLVEDVHG
RQ VWDWLVWLFDO GDWD FROOHFWHGE\ WKH DXWKRU DQGGDWD IURP >@7ZR OLPLWDWLRQVKDYHEHHQ
DSSOLHGIRUWKLVH[DPSOHWKHFORVHUDQJHRIWKHSULPFRHIILFLHQWLVFRQVLGHUHGIRUWKHGU\VXUIDFH
ZLWKYDULRXVURDGFRPSRXQGVWKHDOEHGRYDOXHLVQRWWDNHQLQWRDFFRXQWDVRQHRI WKHLQSXW
YDULDEOHV,IWKHZKROHSULPUDQJHVKRXOGEHFRYHUHGWKHQWKHIX]]\GHVFULSWLRQIURP)LJXUH
FFDQEHXVHG,IPRUHSUHFLVHGHILQLWLRQLVUHTXLUHGWKHQFHUWDLQDUHDRIIULFWLRQYDOXHVFDQ
EHUHSUHVHQWHGPRUHH[DFWO\)LJXUHGJLYHVWKHYDULDQWRIDGYDQFHGPHPEHUVKLSIXQFWLRQV
IRU WKH GU\ URDG 7KLV YDULDQW FDQ LQFUHDVH WKH DFFXUDF\ RI FDOFXODWLRQV EXW WKH OLQJXLVWLF
LQGLFDWRUVDV³FRQFUHWH´³DVSKDOW´RUWKHVLPLODURQHDUHQRWDSSOLFDEOHLQVXFKDFDVH

D F
E G
)LJXUH'HVFULSWLRQRIYDULDEOHVLQIX]]\LQIHUHQFHV\VWHP³7H[WXUH´
/HJHQG86±XOWUDVPDOO96±YHU\VPDOO6±VPDOO60±VPDOOWRPHGLXP0±PHGLXP0+±
PHGLXPWRKLJK+±KLJK9+±YHU\KLJK8+±XOWUDKLJK
,±LFH,,±VQRZ,,,±KLJKO\ZHWURDG,9±FRQWDPLQDWHGURDG9±VOLJKWO\ZHWFRQFUHWH9,±
VOLJKWO\ZHWDVSKDOW9,,±GU\FRQFUHWH9,,,±GU\DVSKDOW,;HQKDQFHGGU\DVSKDOW
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
$IWHUWKDWWKHUXOHEDVHVKRXOGEHFUHDWHG)LJXUHVKRZVH[DPSOHRIWKHUXOHEDVHVXUIDFH
FRYHULQJUXOHV0RUHLQIRUPDWLRQDERXWFDQEHIRXQGLQ>@>@DQG>@

)LJXUH([DPSOHRIIX]]\VXUIDFHUXOHV

2QWKHQH[WVWHSWKH),6³(QYLURQPHQW´VSHFLILHVWKHURDGIULFWLRQOHYHOLQDFFRUGDQFHZLWK
DFWXDOHQYLURQPHQWDOFRQGLWLRQVDQGJHQHUDWHVWKHFRUUHVSRQGLQJOLQJXLVWLFDWWULEXWHRIWKHURDG
W\SH+HUHWKHIX]]\GHVFULSWLRQRIWKHHQYLURQPHQWDOSDUDPHWHUVGHSHQGVIURPWKHFOLPDWLF
DUHD)RULOOXVWUDWLYHSXUSRVHV)LJXUHVDDQGEVKRZH[DPSOHVRIIX]]\LQSXWYDULDEOHV
7KH),6³(QYLURQPHQW´UHTXLUHVDYROXPHWULFUXOHEDVHEHFDXVHRIODUJHDPRXQWRISRVVLEOH
FRPELQDWLRQV RI LQSXW YDULDEOHV )LJXUH  GLVSOD\V WZR H[DPSOHV RI IX]]\ UXOHV VXUIDFH
IUDJPHQWVIRUDQRSWLPLVHGUXOHEDVH

D E
F

)LJXUH'HVFULSWLRQRIYDULDEOHVLQIX]]\LQIHUHQFHV\VWHP³(QYLURQPHQW´
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 
)LJXUH)UDJPHQWVRIVXUIDFHRIIX]]\UXOHVIRUWKHIX]]\LQIHUHQFHV\VWHP³(QYLURQPHQW´

7DEOH7KHYDULDQWVRIOLQJXLVWLFDWWULEXWHVZLWKUHJDUGWRWKHGHVFULSWLRQIURP)LJXUHF
, ,B$KLJKZDWHUILOPRQSROLVKHGURDGVXUIDFHDTXDSODQLQJWHQGHQF\,B%ZHWLFH
,, ,,B$KLJKZDWHUILOPRQURXJKURDGVXUIDFHDTXDSODQLQJWHQGHQF\,,B%ZHWLFH
,,,
,,,B$VPHOWLQJLFHRQURDGVXUIDFHµDERXW]HUR¶WHPSHUDWXUH,,,B%IUHVKVQRZ,,,B&
KLJKZDWHUILOPRQURXJKURDGVXUIDFHDTXDSODQLQJWHQGHQF\
,9 ,9B$VQRZE\IURVW,9B%SUHVVHGVQRZ
9 9B$SUHVVHGVQRZ9B%VPHOWLQJVQRZ9B&KLJKO\FRQWDPLQDWHGURDG
9, 9,B$FRQWDPLQDWHGURDG
9,, 9,,B$KLJKO\ZHWFRQFUHWHSXGGOHV9,,B%KLJKO\ZHWDVSKDOWSXGGOHV
9,,, 9,,,B$KLJKO\ZHWDVSKDOWSXGGOHV9,,,B%KLJKO\ZHWFRQFUHWHSXGGOHV
,; ,;B$ZHWDVSKDOW,;B%ZHWFRQFUHWH
; ;B$VOLJKWO\ZHWFRQFUHWH;B%VOLJKWO\ZHWDVSKDOW
;, ;,B$VOLJKWO\ZHWDVSKDOW;,,B%VOLJKWO\ZHWFRQFUHWH
;,, ;,,B$GU\FRQFUHWH
;,,, ;,,,B$KHDWHGGU\DVSKDOWELWXPHQVPHOWLQJ;,,,B%UROOHGFHPHQWFRQFUHWH
;,9 ;,9B$GU\DVSKDOW;,9B%GU\DVSKDOWFRQFUHWH;,9B&UROOHGFHPHQWFRQFUHWH
;9 ;9B$GU\HQKDQFHGDVSKDOWFRQFUHWH
;9, ;9,B$GU\URDGZLWKHQYLURQPHQWDOO\UHODWHGHQKDQFHGIULFWLRQ

7KH GHILQLWLRQ RI OLQJXLVWLF DWWULEXWHV RI WKH URDG W\SH LV WKH QH[W PDLQ WDVN IRU WKH ),6
³(QYLURQPHQW´)RUWKLVSXUSRVHWKHIROORZLQJDSSURDFKLVSURSRVHGL7KHV\VWHPFDOFXODWHV
ILUVWO\ WKH QXPHULFDO YDOXH RI WKH HQYLURQPHQWDO FRHIILFLHQW RI URDG IULFWLRQHQY XVLQJ RQO\
³IHDWXUHOHVV´ OLQJXLVWLF DWWULEXWHV OLNH QXPEHUV IURP ³,´ WR³;9,´ RQ WKH )LJXUH F LL
&RQVLGHULQJWKHDFWXDOFRPELQDWLRQRIHQYLURQPHQWDOIDFWRUVDQGSUHYLRXVO\FRPSXWHGYDOXHRI
WKH SULPDU\ FRHIILFLHQW RI UROOLQJ IULFWLRQSULP WKH V\VWHP JHQHUDWHV WKH OLQJXLVWLF DWWULEXWH
FRUUHVSRQGLQJWRWKHH[SHFWHGVXUIDFHW\SH6RPHPRVWXVHIXODWWULEXWHVLQUHODWLRQWRWKHIX]]\
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+DELOLWDWLRQWKHVLV


aa

GHVFULSWLRQIURP)LJXUHFDUHJLYHQLQ7DEOHLLL7KHFDOFXODWHGHQYYDOXHWRJHWKHUZLWK
WKHOLQJXLVWLFDWWULEXWHLVWUDQVPLWWHGWRWKH),6³'\QDPLFV´

7KH),6³'\QDPLFV´FRPSXWHVWKHDFWXDOFRHIILFLHQWRIWKHURDGIULFWLRQDFWE\PHDQVRIWKH
WUDQVIRUPDWLRQRIHQYYDOXH,QHIIHFWWKLVSURFHGXUHDOORZVWKHUHFRQVWUXFWLRQRIWKHFRPELQHG
ORQJLWXGLQDODQGODWHUDOW\UHIULFWLRQFKDUDFWHULVWLFVLQUHODWLRQWRWKHZKHHOVOLSDQGVOLSDQJOH
DVZHOODVWRWKHIOXFWXDWLRQVRIZKHHOORDGLQJDQGYHORFLW\UDWH6RPHHVVHQWLDOGHWDLOVRIWKH
GLVFXVVHGIX]]\LQIHUHQFHV\VWHP'\QDPLFVDUHJLYHQLQ >@DQG>@DQGLWVSUDFWLFDO
UHDOL]DWLRQZLOOEHLOOXVWUDWHGLQQH[WVHFWLRQ

$SSOLFDWLRQH[DPSOH

7KLV VHFWLRQ LQWURGXFHV WKH DSSOLFDWLRQ RI WKH SURSRVHG IX]]\ LGHQWLILFDWLRQ SURFHGXUH IRU
SXUSRVHVRIHOHFWURQLFVWDELOLW\FRQWURODQGLVPDLQO\EDVHGRQUHVXOWVSUHVHQWHGLQ>@)LJXUH
LOOXVWUDWHVWKH(6&DUFKLWHFWXUHXVHGLQWKLVVWXG\7KHV\VWHPXQGHUGLVFXVVLRQKDVEHHQ
WHVWHGRQWKHKDUGZDUHLQWKHORRSWHVWULJ)LJXUHDWIDFLOLWLHVRI$XWRPRWLYH(QJLQHHULQJ
*URXS7HFKQLVFKH8QLYHUVLWlW,OPHQDX7KHWHVWULJLQFOXGHVKDUGZDUHFRPSRQHQWVRIWKHEUDNH
V\VWHPDQGWKHK\GUDXOLFFRQWUROXQLW+&87KH+&8KDVDVWUXFWXUHVLPLODUWRFRQYHQWLRQDO
FRQWUROOHUVRI(6&V\VWHPV7KHYHKLFOHPRGHOXVHGLQWKHFRQWUROOHUKDV'2)7KH+,/
H[SHULPHQWVDUHSHUIRUPHGIRUWKHEXVVRIWZDUHVLPXODWRUIXOOPDVVNJW\UHV5
 IRU WKUHHFDVH VWXGLHV L VWUDLJKWOLQHEUDNLQJRQKRPRJHQHRXV URDG LL GURSSLQJRI
IULFWLRQ GXULQJ VWUDLJKWOLQH EUDNLQJ LLL ODQHFKDQJHPDQHXYHU7KH SDUDPHWHUV RI WKH EXV
EUDNHV\VWHPVDQGEUDNHKDUGZDUHFRPSRQHQWVZKLFKDUHLQVWDOOHGRQWKHWHVWULJIURP)LJXUH
KDYHEHHQKDUPRQL]HGE\XVLQJWKHVFDOLQJIDFWRUVLQWKHVRIWZDUHVLPXODWRU

L6WUDLJKWOLQHEUDNLQJRQKRPRJHQHRXVURDG7KLVFDVHVWXG\UHODWHVWRWKHEUDNLQJRQWZR
VXUIDFHV RI GLIIHUHQW NLQGV EXW ZLWK WKH VLPLODU FRHIILFLHQW RI IULFWLRQHQY    7KH ILUVW
VLWXDWLRQ FRUUHVSRQGV WR LFH OLQJXLVWLF DWWULEXWH ,,,B$ IURP7DEOH  )LJXUH  WKH VHFRQG
VLWXDWLRQUHIHUVWRWKHDVSKDOWURDGZLWKKLJKZDWHUILOPOLQJXLVWLFDWWULEXWH,,,B&IURP7DEOH
)LJXUH,WVKRXOGEHSRLQWHGRXWWKDWWKHIULFWLRQFRHIILFLHQWLQWKHFDVHRIKLJKZDWHUILOP
LQFUHDVHVVOLJKWO\GXULQJEUDNLQJ7KLVHIIHFWFDQEHH[SODLQHGLQWHUPVRIWKHSK\VLFDOSURFHVVHV
FKDQJLQJWKHFRQWDFWSDWFKDUHD7KHV\VWHPUHVSRQGVWRERWKW\SHVRIVXUIDFHVZLWKGLIIHUHQW
FRQWUROVWUDWHJLHVDQGFRQWUROWKUHVKROGV7DEOHFRPSDUHVWKHVLPXODWLRQUHVXOWV

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
)LJXUH$UFKLWHFWXUHRIDGYDQFHG(6&V\VWHP


)LJXUH+,/EUDNHWHVWULJRIWKHVWJHQHUDWLRQDW$XWRPRWLYH(QJLQHHULQJ*URXS
7HFKQLVFKH8QLYHUVLWlW,OPHQDX

7DEOH5HVXOWVRI+,/VLPXODWLRQIRUVWUDLJKWOLQHEUDNLQJ
3DUDPHWHU ,FH +LJKZDWHUILOP
%UDNHGLVWDQFHP  
0D[LPDODFKLHYHGZKHHOVOLSYDOXHIURQWZKHHO
IURQWUHDUZKHHOV  
$YHUDJHZKHHOVOLSYDOXHIURQWUHDUZKHHOV  
$YHUDJHEUDNHWRUTXHEHIRUHWKHSUHVVXUHUHOHDVHSKDVH1P
IURQWUHDUZKHHOV  YDULDEOH
$YHUDJHEUDNHWRUTXHUHGXFWLRQEHIRUHWKHSUHVVXUHEXLOGXS
SKDVH1PIURQWUHDUZKHHOV  YDULDEOH
$YHUDJHQXPEHURISUHVVXUHVZDSSLQJGXULQJRQHRSHUDWLRQ
F\FOHIURQWUHDUZKHHOV  
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

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
)LJXUH5HVXOWVRI+,/VLPXODWLRQRIVWUDLJKWOLQHEUDNLQJRQLFH


)LJXUH5HVXOWVRI+,/VLPXODWLRQRIVWUDLJKWOLQHEUDNLQJRQDVSKDOWZLWKKLJKZDWHUILOP
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
LL'URSSLQJRIIULFWLRQGXULQJVWUDLJKWOLQHEUDNLQJ,QWKLVFDVHWKHYHKLFOHGHFHOHUDWHVDWWKH
EHJLQQLQJRQWKHDVSKDOWVXUIDFHZLWKHQY OLQJXLVWLFDWWULEXWH;,9B$IURP7DEOH7KHQ
WKHV\VWHPGHWHFWVDVKDUSUHGXFWLRQRIIULFWLRQDQGLGHQWLILHVWKDWLWLVFDXVHGE\WKHLF\URDG
VXUIDFHOLQJXLVWLFDWWULEXWH,,,B$IURP7DEOH,WFDQEHVHHQIURPWKHVLPXODWLRQUHVXOWVLQ
)LJXUH WKDW WKHFRQWUROOHUSHUIRUPHGDGDSWDWLRQRI WKHFRQWURO WKUHVKROGV WRHQVXUHVWDEOH
EUDNLQJZLWKRXWZKHHOEORFNLQJ


)LJXUH5HVXOWVRI+,/VLPXODWLRQRIVWUDLJKWOLQHEUDNLQJZLWKUHGXFWLRQRIIULFWLRQ

LLL /DQHFKDQJH PDQHXYHU )LJXUH  LOOXVWUDWHV WKH VLPXODWLRQ UHVXOWV IRU D ODQHFKDQJH
PDQHXYHURQLFHOLQJXLVWLFDWWULEXWH,,,B$IURP7DEOH,WFDQEHVHHQWKDWWKHYHKLFOHNHHSV
WKH WUDMHFWRU\ZLWK WKH UHGXFWLRQ RI WKH \DZ UDWH DPSOLWXGH WKH ODWHUDO DFFHOHUDWLRQ DQG WKH
YHKLFOHVLGHVOLSDQJOH)RUFRPSDUDWLYHSXUSRVHVWKHODQHFKDQJHVLPXODWLRQRQWKH+,/WHVW
ULJZDVDOVRGRQHIRUWKHYHKLFOHPRWLRQRQWKHDVSKDOWURDGZLWKKLJKZDWHUILOPOLQJXLVWLF
DWWULEXWH ,,,B& IURP7DEOH7DEOH VXPPDUL]HV UHVXOWV IRUERWK VXUIDFHV$QDQDO\VLVRI
GULYLQJRQWKHKLJKO\ZHWURDGVKRZVWKDWWKHFRQWUROV\VWHPNHHSVWKHPDLQVWDELOLW\UHODWHG
SDUDPHWHUV\DZUDWHYHKLFOHVLGHVOLSDQJOHFORVHWRWKHUHVXOWVIRUWKHLF\VXUIDFH+HUHWKH
HQYLURQPHQWDOFRHIILFLHQWRIIULFWLRQHQY LVVLPLODUIRUERWKVXUIDFHVEXWIRUWKHZHWURDG
WKHDFWXDOIULFWLRQFRHIILFLHQWGXULQJWKHPDQHXYHUZDVVOLJKWO\LQFUHDVHGXSWRDFW 
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
)LJXUH5HVXOWVRI+,/VLPXODWLRQRIWKHODQHFKDQJHPDQHXYHU
,QGLFHV)5±IURQWULJKWZKHHO)/±IURQWOHIWZKHHO
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

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
7DEOH5HVXOWVRI+,/VLPXODWLRQRIODQHFKDQJHPDQHXYHU
3DUDPHWHU ,FH +LJKZDWHUILOP
0D[LPXPDPSOLWXGHRI\DZUDWHUDGV  
$YHUDJH\DZUDWHUDGV  
0D[LPXPDFKLHYHGZKHHOVOLSYDOXH
IURQWOHIWZKHHO
IURQWULJKWZKHHO






0D[LPXPDPSOLWXGHRIYHKLFOHVLGHVOLSGHJ  
$YHUDJHYHKLFOHVLGHVOLSGHJ  
0D[LPXPDPSOLWXGHRIODWHUDODFFHOHUDWLRQPV  
$YHUDJHODWHUDODFFHOHUDWLRQPV  
$YHUDJHEUDNHPRPHQWEHIRUHWKHSUHVVXUHUHOHDVHSKDVH1P
IURQWZKHHO
UHDUZKHHO






$YHUDJHEUDNHPRPHQWUHGXFWLRQEHIRUHWKHSUHVVXUHEXLOGXS
SKDVH1P
IURQWZKHHO
UHDUZKHHO









,QVXFKDPDQQHUWKH(6&SHUIRUPHGWKHDGDSWDWLRQRIWKHFRQWUROVWUDWHJ\WRLGHQWLILHGURDG
W\SH,QSDUWLFXODUKLJKHUEUDNHWRUTXHVDUHUHDOL]HGDQGWKHFRQWUROWKUHVKROGVDUHDGMXVWHGWR
EHLQOLQHZLWKWKHLQFUHDVHGZKHHOVOLSRQWKHVXUIDFHZLWKKLJKZDWHUILOP

6XPPDU\

7KHIROORZLQJFRQFOXVLRQVFDQEHPDGHEDVHGRQFDVHVWXG\UHVXOWV
x &RPELQHGXVHRI LQIRUPDWLRQIURPRQERDUGDQGRQURDGVHQVRUVPDNHVIHDVLEOH WKH
W\UHURDGIULFWLRQ LGHQWLILFDWLRQZLWKWDNLQJLQWRFRQVLGHUDWLRQSK\VLFDOSDUDPHWHUVRI
WKHFRQWDFWVXUIDFHDQGWKHGULYLQJHQYLURQPHQW
x 3URSRVHGDSSURDFKWRW\UHURDGIULFWLRQLGHQWLILFDWLRQH[WHQGVWKHIXQFWLRQDOLW\RIWKH
DFWLYHVDIHW\FRQWUROWKURXJKUHFRJQLWLRQRIURDGFRQGLWLRQVWKDWFDQEHHIILFLHQWO\XVHG
IRUWKHWXQLQJRIFRQWURODOJRULWKPVRI$%6(6&DQGRWKHUDFWLYHVDIHW\V\VWHPV
x 5HDVRQDEOH LPSOHPHQWDWLRQ RI LQWURGXFHG PHWKRG UHODWHV WR DFWLYH VDIHW\ V\VWHPV
LQWHJUDWHGZLWKWKHYHKLFOHWRURDGDQGYHKLFOHWRLQIUDVWUXFWXUHFRPPXQLFDWLRQV

 
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

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
&KDSWHU6XPPDU\

&KDSWHURYHUYLHZHGPHWKRGVXVHG LQ DFWLYH VDIHW\ V\VWHPV IRU WKHGHILQLWLRQRI W\UHURDG
LQWHUDFWLRQ SDUDPHWHUV LQ SDUWLFXODU IRU WKH IULFWLRQ FRHIILFLHQW 7KHLU DQDO\VLV FDQ EH
VXPPDUL]HGDVIROORZV
x %RWKPRGHOEDVHGDQGVHQVRUEDVHGGHGXFWLRQRIW\UHIULFWLRQSDUDPHWHUVLVUHFHLYLQJ
QRZZLGHLPSOHPHQWDWLRQLQFRQWUROOHUVRIDFWLYHVDIHW\V\VWHPV
x $SSOLFDWLRQ RI SK\VLFDO DQGPXOWLERG\ W\UHPRGHOV LQ WKH FRQWUROOHUV LV OLPLWHG E\
UHTXLUHPHQWVWRUHDOWLPHRSHUDWLRQWKHUHIRUHVHPLHPSLULFDOPRGHOVDUHSUHIHUHQWLDO
LQPDQ\FRQWHPSRUDU\V\VWHPV+RZHYHULQWHJUDWLRQRIDFWLYHVDIHW\FRQWUROV\VWHPV
UHODWHGWRGLIIHUHQWGRPDLQVRIYHKLFOHG\QDPLFVFDQFDOOIRUWKHLPSOHPHQWDWLRQRIPRUH
FRPSOH[W\UHPRGHOVWRLQFUHDVHWKHFRQWUROUREXVWQHVV
x 5HVHDUFK VWXGLHV SURSRVH YDULRXV PHWKRGV IRU W\UH IULFWLRQ HVWLPDWRUV EXW FOHDU
EHQFKPDUNLQJ FULWHULD IRU DSSOLFDELOLW\ RI GLIIHUHQW HVWLPDWLRQ WRROV DUH VWLOO UDUHO\
H[SORUHG
x $SURPLVLQJ WHFKQRORJLFDO DUHD LV WR XVH DFRXVWLF DQG RSWLFDO VHQVRUV IRU URDG W\SH
LGHQWLILFDWLRQ RU W\UH IULFWLRQ GHILQLWLRQ WKDW VXSSRUWV DFWLYH VDIHW\ FRQWUROOHUV ZLWK
DGGLWLRQDOLQIRUPDWLRQDOFKDQQHOV
x 2IVSHFLDODWWHQWLRQLVDOVRHVWLPDWLRQRIW\UHURDGSDUDPHWHUVZLWKWKHXVHRIFRPELQHG
RQERDUGDQGRQURDGVHQVRULQIRUPDWLRQ6XFKDPHWKRGRORJ\EHFRPHVPRUHDQGPRUH
UHFRJQLWLRQ GXH WR WKH GHYHORSPHQW RI YHKLFOHWRURDG DQG YHKLFOHWRLQIUDVWUXFWXUH
WHFKQRORJLHV

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,17(*5$7('$&7,9(6$)(7<6<67(06

,PSDFWRI6\VWHP,QWHJUDWLRQRQ$FWLYH6DIHW\

'HYHORSPHQWRIDQLQWHJUDWHGDFWLYHVDIHW\V\VWHPVUHVSRQVLEOHIRUVLPXOWDQHRXVLPSURYHPHQW
RIEUDNLQJKDQGOLQJVWDELOLW\ULGHFRPIRUWDQGRWKHUYHKLFOHIXQFWLRQVDQGSURSHUWLHVLVRQHRI
WKHPRVWFKDOOHQJLQJUHVHDUFKDUHDVLQWKHYHKLFOHG\QDPLFVFRQWURO%DVLFZRUNVLQWKLVDUHD
KDYHRULJLQDWHGLQWKHPLGGOHRIV,QSDUWLFXODUWKHVWXG\>@LQWURGXFHGUHVXOWVRIWKH
SURMHFW7ULOE\LQLWLDWHGE\*HQHUDO0RWRUVZKHUHDJOREDOLQWHJUDWLRQDUFKLWHFWXUHIRUYDULRXV
YHKLFOHVXEV\VWHPVKDVEHHQGHYHORSHG)LJXUH



)LJXUH,QWHJUDWHGFRQWUROZLWKGULYHUDQGHQYLURQPHQWDODGDSWDWLRQUHSURGXFHGIURP>@

7KHPDLQJRDOEHKLQGWKHV\VWHPLQWHJUDWLRQIURPYLHZSRLQWRIDFWLYHVDIHW\LPSURYHPHQWLVWR
LQFUHDVHWKHXWLOL]DWLRQRIW\UHURDGIULFWLRQDQGWRHQODUJHWKHDUHDRIVWDEOHYHKLFOHPRWLRQ,W
FDQ EH LOOXVWUDWHG ZLWK WKH ORQJLWXGLQDO  ODWHUDO DFFHOHUDWLRQ JJ GLDJUDP ,Q SDUWLFXODU
UHVHDUFKHUVIURP7R\RWDLQYHVWLJDWHGLQIOXHQFHRIVHYHUDOFRQWUROV\VWHPVRQGLIIHUHQWUHJLRQV
RIJJGLDJUDP)LJXUHDQGWKHQLOOXVWUDWHGDFRPELQHGHIIHFWWKDWFDQEHH[SHFWHGIURPWKH
V\VWHPLQWHJUDWLRQ>@)LJXUH,WFDQEHVHHQIURPWKLVSLFWXUHWKDWFRPELQDWLRQRIWKH
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DFWLYH VWHHULQJ ZLWK WKH WUDFWLRQ  EUDNLQJ FRQWURO LQFUHDVHV VDIH VWHHULQJ OLPLWV DW KLJK
ORQJLWXGLQDODFFHOHUDWLRQGHFHOHUDWLRQ6LPXOWDQHRXVO\LQWHJUDWLRQRIWKHDFWLYHVWHHULQJDQG
WKH DFWLYH VXVSHQVLRQ HQODUJH VDIH VWHHULQJ OLPLWV DW KLJK ODWHUDO DFFHOHUDWLRQ WKDW LV
DGYDQWDJHRXVIRUUROORYHUSUHYHQWLRQ*HQHUDOO\DQLGHDOLQWHJUDWHGYHKLFOHG\QDPLFVFRQWURO
V\VWHPFRXOGSURYLGHWKHIXOOXWLOL]DWLRQRIW\UHWUDFWLRQIRUDFWXDOIULFWLRQFRQGLWLRQVWKHRXWHU
FLUFOHRQ)LJXUH


)LJXUH(IIHFWLYHUDQJHVKRZQDVKDWFKHGUHJLRQVRIGLIIHUHQWFRQWUROV\VWHPV
DGDSWHGIURP>@



)LJXUH&RQQHFWLRQRILQWHJUDWHGFRQWURODQGDFFHOHUDWLRQOLPLWV  
5HJLRQV,ZLWKRXWFRQWURO,,LQWHJUDWLRQRIDFWLYHVXVSHQVLRQDQGDFWLYHIURQWDQGUHDUVWHHULQJ
,,,LQWHJUDWLRQRIWUDFWLRQFRQWURODQGDFWLYHIURQWDQGUHDUVWHHULQJ,9LQWHJUDWLRQRIDQWLORFN
EUDNLQJFRQWURODQGDFWLYHIURQWDQGUHDUVWHHULQJ

0DQ\DFDGHPLFDQGLQGXVWULDOVWXGLHVLQYHVWLJDWHGGLIIHUHQWFRPELQDWLRQVRIDFWLYHFKDVVLVDQG
SRZHUWUDLQV\VWHPV,QWKLVUHJDUGVPRVWRINQRZQYDULDQWVRILQWHJUDWHGDFWLYHVDIHW\FRQWURO
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KDV WKHPDLQ JRDO WR LPSURYH YHKLFOH VWDELOLW\ DW OHDVW LQ SDUWLFXODU FULWLFDO VLWXDWLRQV )RU
LQVWDQFH VROXWLRQV DUHGHYHORSHGZKHUH WKH(6&V\VWHP LV EHLQJ LQWHJUDWHGZLWK WKH DFWLYH
VWHHULQJ>@>@>@WKHWRUTXHYHFWRULQJ>@DQGDQRWKHUDFWLYHFKDVVLVV\VWHPVOLNHWKH
DFWLYHUROOFRQWUROWKHDFWLYHGLIIHUHQWLDOVDQGRWKHUV>@>@1HYHUWKHOHVVDQ\YDULDQWRI
V\VWHPLQWHJUDWLRQKDVVRPHOLPLWDWLRQVIURPYLHZSRLQWRIJOREDOHQHUJ\HIILFLHQF\IDLOVDIH
RSHUDWLRQ SURFHVVLQJ WLPH HWF ,Q SDUWLFXODU 7UlFKWOHU LQ >@ KDV VKRZQ WKDW GHPDQG IRU
V\VWHPVLQWHJUDWLRQWRHQVXUHWKHV\VWHPFRPSDWLELOLW\LVYDULHGEHWZHHQLQGLYLGXDOVXEV\VWHPV
)LJXUH7KLV VWDWHPHQWFDQEHDOVRFRQILUPHGZLWK WKH UHVXOWVRI WKH VWXG\RI0LWVXELVKL
0RWRUVLQYHVWLJDWHGWKHLQIOXHQFHRILQWHJUDWLRQRIWKH$%6WKHDFWLYHGLIIHUHQWLDOWKHDFWLYH
VWHHULQJ DQG WKH(6& RQ WKH FRUQHULQJ SHUIRUPDQFH >@ )ROORZLQJ WKLV VWXG\ )LJXUH 
LQGLFDWHV WKDW VXEV\VWHPV VKRZTXLWH GLIIHUHQW SHUIRUPDQFH IURPYLHZSRLQW RI VWDELOLW\ DQG
KDQGOLQJ$QRWKHU UHOHYDQW UHVHDUFK KDV EHHQ LQWURGXFHG LQ >@ZKHUH WKH JHQHUDWLRQ RI
FRUUHFWLQJ\DZWRUTXHIURPHLJKWVXEV\VWHPVLVLQYHVWLJDWHGIRUWKHSDVVHQJHUFDUDWGLIIHUHQW
GULYLQJPDQRHXYUHV)LJXUHGLVSOD\VDQHVVHQWLDOGLIIHUHQFHEHWZHHQLQGLYLGXDOVXEV\VWHPV
LQ\DZG\QDPLFVFRPSHQVDWLRQWKDWSRLQWVRXWWRWKHGHPDQGRQDFDUHIXODQDO\VLVRIVXEV\VWHP
FRPELQDWLRQIRUHYHU\GULYLQJPDQHXYHU



)LJXUH3RVVLEOHLQWHJUDWLRQRIVXEV\VWHPVIRU(6&DGDSWHGIURP>@

+HQFH UHDO GHILQLWLRQRIPHFKDQLVPVRI VXEV\VWHP LQWHJUDWLRQZLWKLQ DQ LQWHJUDWHGYHKLFOH
G\QDPLFVFRQWUROOHUDVZHOODV WKHFRQWUROERXQGDULHVIRUHDFKVXEV\VWHPLVDYHU\FRPSOH[
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
WDVN 7KLV UHTXLUHV QRW RQO\ D SURSHU FRQVLGHUDWLRQ RI SDUWLFLSDWLQJ VXEV\VWHPV EXW DOVR
PLQLPL]DWLRQ RI SRVVLEOH FRQIOLFWV EHWZHHQ WKH LPSURYHPHQW RI RQH YHKLFOH SURSHUW\ HJ
VWDELOLW\DQG WKHGHWHULRUDWLRQRI DQRWKHU IHDWXUH HJHQHUJ\HIILFLHQF\GXULQJ WKHFRQWURO
SURFHVV 6RPH UHOHYDQW YDULDQWV RI LQWHJUDWLRQ RI YHKLFOH G\QDPLFV FRQWURO  DFWLYH VDIHW\
V\VWHPVDUHGLVFXVVHGLQQH[WVHFWLRQ



)LJXUH&RPSDULVRQRIFRUQHULQJHIIHFWVIURPGLIIHUHQWVXEV\VWHPVUHSURGXFHGIURP>@



)LJXUH2YHUYLHZRIV\VWHPV\DZWRUTXHSRWHQWLDOLQ1PUHSURGXFHGIURP>@$)6DFWLYH
IURQWVWHHULQJ$56DFWLYHUHDUVWHHULQJ$5&DFWLYHDQWLUROOEDUV(6&HOHFWURQLFVWDELOLW\
FRQWURO79E9WRUTXHYHFWRULQJE\EUDNLQJD/6'DFWLYHOLPLWHGVOLSGLIIHUHQWLDO79'WRUTXH
YHFWRULQJGLIIHUHQWLDO26RYHUVWHHUFRQGLWLRQV86XQGHUVWHHUFRQGLWLRQV

 
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

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
2YHUYLHZRI,QWHJUDWHG$FWLYH6DIHW\&RQWUROOHUV

&ODVVLILFDWLRQRILQWHJUDWHGV\VWHPV

7KHLQWHJUDWLRQRIDFWLYHFKDVVLVDQGSRZHUWUDLQV\VWHPVFDQEHFRQVLGHUHGLQUHODWLRQWRWKUHH
GRPDLQV RI YHKLFOH G\QDPLFV )LJXUH  )URP WKLV VWDQGSRLQW WKH LQWHJUDWHG FRQWURO FDQ
VSHFLILFDOO\DGGUHVVORQJLWXGLQDOODWHUDODQGYHUWLFDOPRWLRQRIWKHYHKLFOHRUFDQKDYHFURVV
GRPDLQ DSSOLFDWLRQV %\ WKH FURVVGRPDLQ DSSOLFDWLRQ LV PHDQW WKDW LQWHJUDWHG V\VWHPV DUH
WDUJHWLQJVLPXOWDQHRXVO\DQLPSURYHPHQWRIWKHSHUIRUPDQFHLQWHUPVRISDUDPHWHUVUHODWHGWR
YHKLFOHG\QDPLFVLQ;<;=<=RUHYHQ;<=IUDPHRIUHIHUHQFH7KLVFODVVLILFDWLRQZDV
SURSRVHGE\WKHDXWKRULQ>@



)LJXUH$IUDPHRIUHIHUHQFHRIJURXQGYHKLFOHG\QDPLFV

7KH;LQWHJUDWLRQPHDQV D FRPELQHGRSHUDWLRQ RI V\VWHPV IRU WKH SXUSRVHV RI ORQJLWXGLQDO
YHKLFOHG\QDPLFVFRQWUROHJ WKHEUDNLQJRU WUDFWLRQFRQWURO$FDVH LQSRLQW LV WKHHOHFWULF
YHKLFOHEUDNHV\VWHPLQWHJUDWLQJFRQYHQWLRQDOIULFWLRQEUDNHVDQGHOHFWULFPRWRUVRSHUDWLQJLQ
D UHJHQHUDWLRQ PRGH 1H[W H[DPSOH LV D YDULDQW RI WKH WUDFWLRQ FRQWURO XQLWLQJ WKH PRWRU
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
PDQDJHPHQW DQG DFWLYH GLIIHUHQWLDO )RU WKH;LQWHJUDWLRQ WKHPRVW LPSRUWDQW SHUIRUPDQFH
FULWHULD DUH WKH XWLOL]DWLRQ RI ORQJLWXGLQDO IULFWLRQ RI W\UHV [ PLQLPL]DWLRQ RI W\UH HQHUJ\
GLVVLSDWLRQDQGZKHHOVOLSSRZHUORVVHV

7KH<LQWHJUDWLRQLVDWWULEXWHGWRWKHV\VWHPFRRSHUDWLRQIRULPSURYHPHQWRIWKHODWHUDOYHKLFOH
G\QDPLFV FRQWURO ,W FRQFHUQV IRU H[DPSOH WKH FRPELQDWLRQ RI WKH DFWLYH VWHHULQJ DQG WKH
EUDNHEDVHGRUWRUTXHEDVHG\DZPRPHQWFRQWURO7KHLQWHJUDWLRQSHUIRUPDQFHLQWKLVFDVHLV
DVVHVVHGWKURXJKSDUDPHWHUVUHODWHGWRWKHYHKLFOHVLGHVOLSDQJOHEDQG\DZUDWHG\GW

7KH =LQWHJUDWLRQ LPSOLHV D MRLQW RSHUDWLRQ RI V\VWHPV LQIOXHQFLQJ WKH YHUWLFDO YHKLFOH
G\QDPLFV7KHFRRUGLQDWLRQRIWKHDFWLYHVXVSHQVLRQDQGWKHG\QDPLFW\UHSUHVVXUHFRQWUROFDQ
EHFRQVLGHUHGLQWKLVFRQWH[W'LIIHUHQWLQGLFDWRUVRIULGHFRPIRUWOLNHWKHYHUWLFDODFFHOHUDWLRQ
DQGWKHYHKLFOHERG\YLEUDWLRQIUHTXHQF\FDQFKDUDFWHUL]HWKHSHUIRUPDQFHRIFRUUHVSRQGLQJ
LQWHJUDWHGV\VWHPV

7KH ;< ;= RU <=LQWHJUDWLRQ VXSSRVHV VXFK D V\VWHP FRPELQDWLRQ WKDW LQIOXHQFHV
VLPXOWDQHRXVO\WZRFRUUHVSRQGLQJGRPDLQVRIYHKLFOHG\QDPLFV)RULQVWDQFHWKHEUDNHFRQWURO
DQG DFWLYH VXVSHQVLRQ FDQ LOOXVWUDWH WKH ;=LQWHJUDWLRQ WKH DFWLYH UROO FRQWURO DQG WRUTXH
YHFWRULQJHOHFWURQLFVWDELOLW\FRQWUROEHORQJWRWKH<=LQWHJUDWLRQ7KHV\VWHPSHUIRUPDQFH
LQ VXFK FDVHV KDV WR EH DVVHVVHG ZLWK LQWHJUDWHG FULWHULD XQLWLQJ SDUWLFXODU SDUDPHWHUV RI
ORQJLWXGLQDOODWHUDORUYHUWLFDOYHKLFOHG\QDPLFV

)LQDOO\WKH;<=LQWHJUDWLRQFRYHUDOOGRPDLQVRIYHKLFOHG\QDPLFV7KLVFODVVUHODWHVPDLQO\
WRRYHUDFWXDWHGPXOWLDFWXDWHGYHKLFOHVDQGGHDOVZLWKFRQWUROWDVNVWRILQGDQRSWLPDOYHKLFOH
SHUIRUPDQFHDWDQ\VDIHW\DQGHIILFLHQF\FULWLFDOPDQRHXYUHV$WWKDWWKHSHUIRUPDQFHFULWHULD
FDQ FRYHU VLPXOWDQHRXVO\ YHKLFOH VWDELOLW\ ULGH FRPIRUW EUDNLQJ DQG WUDFWLRQ HIILFLHQF\
PLQLPL]DWLRQRISRZHUORVVHVHWDO

'HVLJQYDULDQWVRILQWHJUDWHGDFWLYHVDIHW\V\VWHPV

7KLVVHFWLRQLQWURGXFHVVHYHUDOW\SLFDODQGUHDVRQDEOHH[DPSOHVRIWKHLQWHJUDWLRQRIFKDVVLV
DQGSRZHUWUDLQV\VWHPVWRHQKDQFHWKHDFWLYHVDIHW\

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
;LQWHJUDWLRQFODVV%UDNHDQGVXVSHQVLRQFRQWURO7KHLQWHJUDWLRQRIWKHEUDNHDQGVXVSHQVLRQ
FRQWUROIURPYLHZSRLQWRIORQJLWXGLQDOYHKLFOHG\QDPLFVHQKDQFHV WKHEUDNLQJSHUIRUPDQFH
HVSHFLDOO\XQGHUFRQGLWLRQVRIURXJKXQHYHQVXUIDFHVGHIRUPDEOHJURXQGVDVZHOODVE\XSKLOO
DQGGRZQKLOOEUDNLQJ5RDGXQHYHQQHVVKDVDQDGYHUVHLQIOXHQFHRQWKHW\UHVXUIDFHFRQWDFW
WKH FRQWDFW LV EHFRPLQJ D KLJK JUDGH RI LQKRPRJHQHLW\ WKDW UHGXFHV WKH XWLOL]DWLRQ RI W\UH
IULFWLRQ0RUHRYHUURDGGLVWXUEDQFHVFDQDIIHFWWKHVLJQDOTXDOLW\RIWKHZKHHOVSHHGVHQVRUV
UHTXLUHGIRUWKH$%6$VDFRQVHTXHQFHPRVWRINQRZQ$%6DOJRULWKPVDUHEHLQJGHDFWLYDWHG
LQRIIURDGFRQGLWLRQV7KHVHVKRUWFRPLQJVFDQEHDYRLGHGZLWKWKHFRPELQHGRSHUDWLRQRIWKH
EUDNHV $%6 FRQWURO DQG VXVSHQVLRQ FRQWURO *HQHUDO FRQWURO VFKHPH XQGHU GLVFXVVLRQ LV
VKRZQRQ)LJXUH7KHJOREDO FRQWURO WDVN LQ WKLV FDVH LV WRPLQLPL]H WKHFRQWURO HUURU H
EHWZHHQ WKH DFWXDOO DQG UHIHUHQFHOUHIZKHHO VOLS DW EUDNLQJ  7KH UHIHUHQFHZKHHO VOLS LV
VHOHFWHG LQ WKH DUHD FRUUHVSRQGLQJ WR WKH PD[LPXP W\UHURDG IULFWLRQ IRU DFWXDO VXUIDFH
FRQGLWLRQVVHH)LJXUH7KHLQWHJUDWHGFRQWUROOHUSURGXFHVWKHFRQWUROGHPDQGXZKLFKLV
VSOLWWLQJXSEHWZHHQWKHDFWXDWRUV7KHEUDNHDFWXDWRUVSURGXFHWKHEUDNHWRUTXHWREHDSSOLHG
WRWKHZKHHO7KHVXVSHQVLRQDFWXDWRUVFKDQJHWKHOLIWLQJDQGSLWFKLQJIRUFHVRQWKHZKHHOWR
FRPSHQVDWHURDGGLVWXUEDQFHV]7RHOLPLQDWHWKHURDGGLVWXUEDQFHVDFHUWDLQWUDQVIHUIXQFWLRQ
+VFDQEHDSSOLHGWRJHQHUDWHWKHFRUUHFWHGFRQWUROGHPDQGXDFRUUHVSRQGLQJDSSURDFKLV
GLVFXVVHGIRUH[DPSOHLQ>@



)LJXUH6WUXFWXUHRILQWHJUDWHGEUDNHDQGVXVSHQVLRQFRQWURO>@

7KHHIIHFWRQWKHEUDNLQJSHUIRUPDQFHIURPWKHFRPELQDWLRQRIWKHVXVSHQVLRQDQGEUDNLQJLV
GHPRQVWUDWHGLQUHVHDUFKOLWHUDWXUHIRUGLIIHUHQWVXVSHQVLRQV\VWHPV,QSDUWLFXODURQHRIWKH
ILUVWUHOHYDQWVWXGLHV>@KDVLQYHVWLJDWHGWKH$%6DQGWKHVXVSHQVLRQHTXLSSHGZLWKHOHFWUR
K\GUDXOLFDFWXDWRUV7KHVLPXODWLRQRIWKHFDUEUDNLQJRQWKHZHWDVSKDOWGHPRQVWUDWHGWKDWWKH
VWRSSLQJGLVWDQFHFDQEHUHGXFHGE\ZLWKWKHLQWHJUDWHGFRQWURODVFRPSDUHGZLWKWKH
FRQYHQWLRQDO $%6 EUDNLQJ ,QWHJUDWLRQ RI WKH EUDNLQJ DQG VXVSHQVLRQ FRQWURO LV PRUH
UHDVRQDEOHIRUWKHYHKLFOHVRSHUDWLQJLQRIIURDGFRQGLWLRQV7KLVFDQEHFRQILUPHGZLWKUHVXOWV
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RIWKHVWXG\>@LQYHVWLJDWLQJWKHEUDNLQJRIDVSRUWXWLOLW\YHKLFOHRQWZRW\SHVRIURXJKWHUUDLQ
ZLWKWKHLQWHJUDWLRQRIWKH$%6DQGWKHVHPLDFWLYH6VXVSHQVLRQXQLW&RQVLGHULQJEUDNLQJ
IURPNPKWRNPKWKHRSWLPDOLQWHJUDWLRQYDULDQWVDOORZHGUHGXFWLRQRIWKHVWRSSLQJ
GLVWDQFHRQP IRU WKH URDGZLWK WKHSDUDOOHO FRUUXJDWLRQV DQGRQP IRU WKH%HOJLDQ
SDYHPHQW

<LQWHJUDWLRQ FODVV $FWLYH VWHHULQJ DQG EUDNHEDVHG \DZ G\QDPLFV FRQWURO 7KH DFWLYH
LQIOXHQFHRQ\DZG\QDPLFVFDQEHEDVLFDOO\UHDOL]HGWKURXJKWKHFRQWURORQZKHHOWRUTXHVDQG
VWHHULQJZKHHO DQJOHV+HQFHSRVVLEOH LQWHJUDWLRQYDULDQWV FDQ LQYROYH FRPELQDWLRQVRI WKH
EUDNHEDVHG\DZFRQWUROHOHFWURQLFVWDELOLW\FRQWURO\DZPRPHQWFRQWURO<0&WKHWRUTXH
EDVHG\DZFRQWUROWRUTXHYHFWRULQJWKHDFWLYHIURQWDQGUHDUVWHHULQJ$)6$56DQGWKH
DFWLYHDOOZKHHOVWHHULQJ$:6$QH[DPSOHRIVXFKDFRPELQDWLRQKDVEHHQLQYHVWLJDWHGE\
1DJDLDQGKLVFRDXWKRUVLQ>@IRUWKHFRQWUROOHUDUFKLWHFWXUHLOOXVWUDWHGRQ)LJXUH+HUHD
PRGHOPDWFKLQJFRQWUROOHUEDVHGRQWKH'2)PRGHORIWKHODWHUDOYHKLFOHG\QDPLFVLVXVHG
,W LQFOXGHV IHHGIRUZDUG DQG IHHGEDFN SDUWV IRU WKH JHQHUDWLRQ RI SUHGLFWLYH DQG UHDFWLYH
FRPSRQHQWVRILDGGLWLRQDOVWHHULQJDQJOH'GI WREHUHDOL]HGE\WKH$)6DQGLLFRUUHFWLQJ
\DZPRPHQW0\WREHUHDOL]HGE\WKH(6&7KHIHHGEDFNSDUWZDVSURSRVHGRQWKHEDVLVRIWKH
RSWLPDO FRQWURO WHFKQLTXH 7KH UHVXOWV IURP >@ GLG QRW GLVSOD\ DQ HVVHQWLDO HIIHFW IURP
LQWHJUDWLRQGXULQJWKHODQHFKDQJHRU-WXUQPDQRHXYUHV+RZHYHUDFRQVLGHUDEOHLPSURYHPHQW
RIWKHYHKLFOHG\QDPLFVKDVEHHQREWDLQHGIRUWKHVLWXDWLRQZLWKWKHVLGHZLQGGLVWXUEDQFH



)LJXUH%ORFNGLDJUDPRILQWHJUDWHGDFWLYHIURQWVWHHULQJDQGGLUHFW\DZFRQWUROV\VWHPDGDSWHG
IURP>@
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa
0RUHHIIHFWFDQEHH[SHFWHGLQWKHFDVHRILQWHJUDWLRQRIWKH(6&ZLWKWKHDFWLYHVWHHULQJIRU
ERWKYHKLFOHD[OHVWKDWZDVLOOXVWUDWHGE\0RNKLDPDUDQG$EHLQ>@7KHLUVWXG\SURSRVHGWKH
FRQWUROOHUDUFKLWHFWXUHEDVHGRQWKHVOLGLQJPRGHDQGPRGHOEDVHGPHWKRGVZLWKSRVVLELOLW\WR
DFWLYDWHVHSDUDWHO\WKHDFWLYHVWHHULQJIRUIURQWUHDURUDOOZKHHOV)LJXUH&RUUHVSRQGLQJ
VLPXODWLRQUHVXOWVFRQILUPHGWKDWWKH$:6SURYLGHVQRWRQO\EHWWHUWUDFNLQJRIWKHUHIHUHQFH
YHKLFOHSDWKEXWDOVRFDQJXDUDQWHHEHWWHUODWHUDOYHKLFOHG\QDPLFVLQJHQHUDO)LJXUH



)LJXUH,QWHJUDWHGFRQWUROOHUIRULQWHJUDWLRQRI(6&ZLWKDFWLYHIURQWDQGUHDUVWHHULQJV\VWHPV
DGDSWHGIURP>@


)LJXUH6LGHVOLSDQJOH\DZUDWHUDWLRYHUVXVYHKLFOHYHORFLW\IRUGLIIHUHQWV\VWHPFRQILJXUDWLRQV
'<&GLUHFW\DZFRQWURO):6DFWLYHIURQWZKHHOVWHHULQJ5:6DFWLYHUHDUZKHHOVWHHULQJ
UHSURGXFHGIURP>@
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
,W VKRXOGEHQRWHG WKDW VRPHVWXGLHVDUHDOVRFRQVLGHULQJFRQFHSWVRI LQWHJUDWLRQRIYHKLFOH
G\QDPLFV FRQWURO V\VWHPV ZLWK VWHHUE\ZLUH LQVWHDG RI FRQYHQWLRQDO DFWLYH VWHHULQJ >@
>@$QH[DPSOHRIV\VWHPLQWHJUDWLRQLVJLYHQRQ)LJXUH+RZHYHUWKHLQFOXVLRQRIVWHHU
E\ZLUH LQWR WKH FRQWURO FKDLQ UHTXLUHV PRUH FRPSOH[ LPSOHPHQWDWLRQ DOJRULWKPV IURP
YLHZSRLQWRIV\VWHPUHGXQGDQF\DQGIDXOWWROHUDQWRSHUDWLRQ



)LJXUH,QWHJUDWHGFRQWURODUFKLWHFWXUHZLWKVWHHUE\ZLUHV\VWHPUHSURGXFHGIURP>@'7'
GULYLQJWRUTXHGLVWULEXWLRQWRUTXHYHFWRULQJ

0DQ\UHFHQW LQYHVWLJDWLRQVJLYHVSHFLDODWWHQWLRQWRPRUHFRPSOH[LQWHJUDWLRQVFKHPHVZLWK
SDUWLFLSDWLRQRIVHYHUDOVXEV\VWHPV,QVXFKFDVHVSRVVLEOHFRQIOLFWVEHWZHHQRSHUDWLRQORJLF
DQGYHKLFOHSURSHUWLHVFDQWDNHSODFH,QSDUWLFXODU:DQJDQGKLVFRDXWKRUVKDYHPHQWLRQHG
LQ>@IRUWKHLQWHJUDWLRQRIWKHDFWLYHVWHHULQJZLWKWKHWRUTXHEDVHG(6&V\VWHPVWKDWERWK
SDUWLFLSDWLQJ V\VWHPV FDQ KDYH GLIIHUHQW \DZUDWHWUDFNLQJ HUURUV DV D UHVXOW D VLWXDWLRQ LV
SRVVLEOHZKHQWKHDFWLYHVWHHULQJLQWHQGVWRFRQWUROXQGHUVWHHUEHKDYLRUDQGWKH(6&LQWHQGVWR
FRQWURORYHUVWHHUEHKDYLRXURUYLFHYHUVD0RUHRYHUWKHEUDNHEDVHG(6&FRQWUROFDQFRUUHFW
\DZPRPHQWRIWKHYHKLFOHEXWVLPXOWDQHRXVO\ZRUVHQWKHIXOILOPHQWRIWDUJHWRIORQJLWXGLQDO
DFFHOHUDWLRQWUDFNLQJ

0DQ\VWXGLHVFRQVLGHUWKHDFWLYHVWHHULQJRQRQO\IURQWZKHHOVIRUWKHLQWHJUDWLRQ+RZHYHU
VXFKLQWHJUDWHGV\VWHPVDUHRILQWHUHVWUDWKHUIRUWKHUHVHDUFKWKDQIRUSUDFWLFDOLPSOHPHQWDWLRQ
EHFDXVHRIPLQLPDOHIIHFWLQVWDELOLW\LPSURYHPHQWDVFRPSDUHGZLWKVWDQGDORQH\DZPRWLRQ
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
FRQWUROV\VWHPV*HQHUDOO\WKHLQWHJUDWLRQRIWKH<0&ZLWKWKH$:6KDVPRUHSRWHQWLDOIRU
HQKDQFHPHQWERWKRIVWDELOLW\DQGKDQGOLQJHVSHFLDOO\IRUYHKLFOHVHTXLSSHGZLWKWKHVWHHUE\
ZLUHDQGIRUK\EULGDQGIXOOHOHFWULFYHKLFOHV%XWWKHFRPSOH[LW\RIWKHFRQWUROORJLFLVJURZLQJ
LQWKLVFDVHGXHWRKLJKQRQOLQHDULW\RIWKHFRUQHULQJG\QDPLFVRIWKHYHKLFOHZLWKDOOVWHHUHG
D[OHV

;<LQWHJUDWLRQFODVV$FWLYHVWHHULQJIRUEUDNLQJDQG\DZG\QDPLFVFRQWURO7KLVYDULDQWRI
LQWHJUDWLRQDLPVDWDEHWWHUXWLOL]DWLRQRI W\UH IULFWLRQ LQJHQHUDO DQG LV HIILFLHQW IRUVSHFLILF
PDQRHXYUHVDVWKHVSOLWEUDNLQJ$FRUUHVSRQGLQJRSWLRQKDVEHHQGHPRQVWUDWHGLQ>@IRU
WKHFRRUGLQDWHGRSHUDWLRQRIWKHDFWLYHVWHHULQJEDVHGRQWKH+fFRQWUROOHUDQGWKHUXOHEDVHG
$%6 )LJXUH  7KH SURSRVHG V\VWHP DUFKLWHFWXUH KDV WKH VXSHUYLVRU\ LQWHJUDWHG PRWLRQ
FRQWUROOHU ,0&ZLWK WKHHYHQWGHWHFWRU LGHQWLI\LQJ WKHVSOLWEUDNLQJVLWXDWLRQ:KHQ WKLV
WDNHVSODFHWKHEUDNHWULJJHUGLVDEOHVWKHEUDNHSUHVVXUHDWWHQXDWLRQDQGWKHVWHHULQJFRQWUROOHU
LVDFWLYDWHGLQRUGHUWRFRUUHFW WKH\DZPRWLRQRIWKHYHKLFOH7KH\DZG\QDPLFVFRQWURO LQ
>@KDV WKHGLVWXUEDQFHV FRPSHQVDWLRQ FDXVHG E\ DV\PPHWULFEUDNHSUHVVXUHGLVWULEXWLRQ
7KLVPHWKRGKDVEHHQLQYHVWLJDWHGERWKRQWKH+,/WHVWULJDQGWKHWHVWYHKLFOHDQGGHPRQVWUDWHG
DSHUPDQHQWUHGXFWLRQRIWKHVWRSSLQJGLVWDQFHDWWKHVSOLWEUDNLQJZLWKLQWKHLQLWLDOYHORFLW\
UDQJH  NPK ,W VKRXOG EH PHQWLRQHG WKDW WKH LPSURYHPHQW RI WKH VSOLW EUDNLQJ
SHUIRUPDQFHFDQEHDOVRDFKLHYHGWKURXJKLQWHJUDWLRQRIWKHDFWLYHVWHHULQJDQGWRUTXHEDVHG
\DZ G\QDPLFV FRQWURO $ FRUUHVSRQGLQJ H[DPSOH LV JLYHQ LQ WKH ZRUN >@ ZKHUH D
FRPELQDWLRQRIWKH$)6DQGWKHVHPLDFWLYHUHDUGLIIHUHQWLDOLVSURSRVHG



)LJXUH,QWHJUDWHGDFWLYHVWHHULQJDQGEUDNHFRQWURODGDSWHGIURP>@

$QLPSRUWDQWFULWHULRQLQGLFDWLQJWKHSHUIRUPDQFHRIWKHV\VWHPVXQGHUWKH;<LQWHJUDWLRQ
FODVVLVWKHXWLOL]DWLRQRIW\UHIULFWLRQIRUFHVERWKLQWKHORQJLWXGLQDODQGODWHUDOGRPDLQV,QWKLV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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UHJDUGVHYHUDOVWXGLHVDUHGHPRQVWUDWHGWKDWLWLVUHDVRQDEOHWRLQWHJUDWHWKHDFWLYHVWHHULQJDQG
WKH \DZ G\QDPLFV FRQWURO ZLWK WKH FRQVLGHUDWLRQ RI W\UH IRUFH DOORFDWLRQ DQG FRQVWUDLQWV
SURYLGHGE\W\UHIULFWLRQFLUFOHHOOLSVH7KLVVWDWHPHQWFDQEHLOOXVWUDWHGZLWK)LJXUHWKDW
H[SODLQVDFRQFHSWLQWURGXFHGE\7R\RWD
VUHVHDUFKHUVLQ>@>@



)LJXUH'HILQLWLRQRIWDUJHWUHIHUHQFHIRUFHDQGPRPHQWIRULQWHJUDWHGV\VWHPVLQDFFRUGDQFHZLWK
W\UHIULFWLRQHOOLSVHV

,QDFFRUGDQFHZLWKWKLVFRQFHSWWKHV\VWHPXQLWHVWKHLQGLYLGXDODFWLYHVWHHULQJWKHWUDFWLRQ
DQGEUDNLQJFRQWUROIRUHDFKZKHHODQGKDVWRPLQLPL]HWKHIULFWLRQUDWHJIRUHDFKZKHHOWKDW
LVFDOFXODWHGXVLQJWKHW\UHIULFWLRQFLUFOHDV

 
L L L [L [L L) ) ) ) )J    

ZKHUHLQGH[LLVIRUWKHIURQWUHDUOHIWULJKWW\UHSRVLWLRQ)/)55/55)[LDQG)\LDUHWKH
ORQJLWXGLQDODQGODWHUDOW\UHIRUFHVFRUUHVSRQGLQJO\)LLVWKHUHVXOWLQJW\UHIRUFH)LLVWKHW\UH
IULFWLRQIRUFHGHILQLQJWKHIULFWLRQFLUFOH$GGLWLRQDOWDUJHWLVWKDWWKHIULFWLRQUDWHJKDVWREH
WKH VDPH IRU DOO W\UHV 7KH UHIHUHQFH YHKLFOH VDWLVI\LQJ DOO PHQWLRQHG FRQGLWLRQV FDQ EH
UHSUHVHQWHGZLWKFHUWDLQWDUJHWIRUFH)DQGPRPHQW07KHDQJOHVTLEHWZHHQWKHYHFWRUV)L
DQG)DUHEHLQJXVHGDVWKHFRQWUROLQSXWVIRUWKHUHTXLUHGWDVNRIWKHPLQLPL]DWLRQRIWKHJ
YDOXH7KLVWDVNFDQEHDOVRLQWURGXFHGDVWKHPD[LPL]DWLRQRIWKHIROORZLQJFRVWIXQFWLRQ
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV
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
ZKHUH [ DQG\ GHILQH WKH FHQWUHV RI W\UH IRUFHV LQ UHODWLRQ WR WKH FHQWUH RI YHKLFOHPDVV LQ
ORQJLWXGLQDODQGODWHUDOGLUHFWLRQVFRUUHVSRQGLQJO\8VLQJWKHRSWLPDOFRQWUROIRU(TWKH
UHTXLUHGFRQWUROGHPDQGVIRUWKHVWHHULQJDQGWUDFWLRQEUDNLQJDFWXDWRUVDUHEHLQJGHILQHGRQ
WKHQH[WVWHS7KHVLPXODWLRQUHVXOWVSUHVHQWHGLQ>@>@KDYHVKRZQWKDWWKHSURSRVHG
DSSURDFKERWKLPSURYHVWKHW\UHILFWLRQXWLOL]DWLRQDQGGHPRQVWUDWHVEHWWHUVWDELOLW\DWGLIIHUHQW
PDQRHXYUHV OLNH VSOLWEUDNLQJ REVWDFOH DYRLGDQFH HW DO DV FRPSDUHGZLWK QRQLQWHJUDWHG
FRQWURO,QSDUWLFXODUIRUVLQJOHVKRWVLQHZDYHVWHHULQJDWWKHYHKLFOHYHORFLW\RIPVWKH
PD[LPXPUHVXOWDQW IRUFHZDV LQFUHDVHGXS WRZLWK WKLVPHWKRG LQFRPSDULVRQ WR WKH
FRQYHQWLRQDO\DZG\QDPLFVFRQWURO

6RPHYDULDWLRQVRILQWHJUDWHGV\VWHPVZLWKWKHRSWLPDOW\UHIRUFHGLVWULEXWLRQDUHGLVFXVVHGLQ
>@>@>@)RULQVWDQFHWKHZRUN>@LQYHVWLJDWHGWKHPHWKRGZKHUHWKHJHQHUDOL]HG
FRQWURO IRUFHV DUH GHILQHG XVLQJ WKH VOLGLQJ PRGH FRQWURO DQG WKHLU LQGLYLGXDO RSWLPDO
GLVWULEXWLRQWRWKHW\UHVLVUHDOL]HGZLWKWKHVHUYRORRSSDUWLPSOHPHQWLQJWKHFRQWURODOORFDWLRQ
EDVHGRQDFRQVWUDLQHGTXDGUDWLFSURJUDPPLQJ ,WZDVLOOXVWUDWHGZLWKWKHVLPXODWLRQUHVXOWV
WKDWWKHFRUUHVSRQGLQJLQWHJUDWHG$:6DQG<0&FDQDOVRVXVWDLQWKHYHKLFOHVWDELOLW\XQGHU
FULWLFDO GLVWXUEDQFHV OLNH DQ DFWXDWRU IDLOXUH DQG FURVVZLQG HIIHFW $QRWKHU FRPSUHKHQVLYH
LQWHJUDWLRQZLWKWKHRSWLPDOW\UHIRUFHGLVWULEXWLRQDQGVHUYRORRSKDVEHHQGLVFXVVHGLQ>@
ZKHUH WKH V\VWHP SHUIRUPDQFH LV HYDOXDWHG ZLWK WKH QRUPDOL]H W\UH IRUFH UHVHUYH FDQ EH
LQWURGXFHGDVJLQUHODWLRQWR(T7KHVLPXODWLRQRIGLIIHUHQWVWHDG\VWDWHDQGWUDQVLHQW
PDQRHXYUHV GHPRQVWUDWHG WKDW RSWLPDO FRRUGLQDWLRQ RI WKH $:6 DQG <0& UHGXFHV WKH
QRUPDOL]HGW\UHIRUFHUHVHUYHLQUDQJHDVFRPSDUHGZLWKFRQYHQWLRQDOV\VWHPV>@

([DPLQDWLRQ RI VWXGLHV LQYHVWLJDWLQJ WKH V\VWHPV XQGHU WKH ;< LQWHJUDWLRQ FODVV DOORZV
FRQFOXGLQJWKDWDQREVHUYDEOHHIIHFWFDQEHH[SHFWHGZLWKWKHXVHRIDQDOOZKHHOVWHHULQJ,Q
PDQ\ VLWXDWLRQV DQ LQWHJUDWHG XVH RI WKH $)6 RU $56 VROHO\ LV QRW UHDVRQDEOH ZKHQ RQH
FRPSDUHVSRVVLEOHOHYHORIYHKLFOHSHUIRUPDQFHLPSURYHPHQWDQGUHTXLUHGFRPSOH[LW\RIWKH
FRQWUROOHU
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV
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
;<=LQWHJUDWLRQFODVV,QPDQ\FDVHVWKHV\VWHPDUFKLWHFWXUHIRUWKHDFWLYHVDIHW\FRQWURO
DWWULEXWHGWRWKH;<=LQWHJUDWLRQFODVVLVQRWHVVHQWLDOO\GLIIHUHQWIURPWKH;<;=RU
<=FODVVHV%XWGLVWLQJXLVKLQJIHDWXUHVZLOOEHLQ WKHFRQWURO ORJLF)RUH[DPSOH WKHZRUN
>@LQYHVWLJDWHGWKHLQWHJUDWLRQRIWKH$)6WKH$6DQGWKH:6&ZKHUHWKHDFWLYHVXVSHQVLRQ
KDV WKUHH FRQWUROPRGHV L ULGH FRPIRUW DSSOLHG LQ QRUPDO FRQWURO FRQGLWLRQV LL VDIHW\
DVVLVWDQFH DSSOLHG DW HPHUJHQF\ EUDNLQJ LLL VWDELOLW\ DVVLVWDQFH DSSOLHG DW FRUQHULQJ
PDQRHXYUHV 7KH ZKHHO VOLS FRQWURO KDV WZR PRGHV WKH $%6 DQG WKH EUDNHEDVHG (6&
'HSHQGLQJRQWKHYHKLFOHPRWLRQSDUDPHWHUVWKHLQWHJUDWHGFRQWUROOHULGHQWLILHVVHYHQVWDWHV
DQGVHOHFWVFRUUHVSRQGLQJV\VWHPFRPELQDWLRQ7DEOH7KHSURSRVHGUXOHEDVHGDSSURDFKFDQ
EHHDVLO\LPSOHPHQWHGDQGHQVXUHVDFHUWDLQOHYHORIUREXVWQHVVWKDWZDVFRQILUPHGLQ>@
ZLWKVLPXODWLRQUHVXOWVRIEUDNLQJVLQJOHODQHDQGGRXEOHODQHFKDQJHPDQRHXYUHVDWGLIIHUHQW
URDGFRQGLWLRQV,QSDUWLFXODUIRUWKHHPHUJHQF\EUDNLQJWKHV\VWHPSURYLGHGDIDVWHUZKHHO
VSHHGUHVSRQVHDQGDEHWWHU UHIHUHQFHVOLS WUDFNLQJGXH WR WKHQRUPDO IRUFHYDULDWLRQE\ WKH
DFWLYHVXVSHQVLRQ)RUFRUQHULQJPDQRHXYUHVWKHULVNRIFULWLFDOVLWXDWLRQVLQWHUPVRIWKHUROO
DQG\DZVWDELOLW\KDVEHHQDOVRUHGXFHGDVFRPSDUHGZLWKQRQLQWHJUDWHGV\VWHPFRQILJXUDWLRQV

7DEOH6WDWHEDVHG,0&DGDSWHGIURP>@
9HKLFOHPRWLRQSDUDPHWHUVDQGFRQGLWLRQV 3ULRULW\FRQWUROWDVN 6\VWHPLQWHJUDWLRQ
1RUPDOGULYLQJ
_G_GWK_G\GW_dG\GWWK_D[_D[WK &RPIRUW $6ULGHFRPIRUWPRGH
(PHUJHQF\EUDNLQJ
_G_GWK_G\GW_dG\GWWK_D[_tD[WK
%UDNLQJ
SHUIRUPDQFH
:6&$%6PRGH$6
VDIHW\PRGH
1HXWUDORUXQGHUVWHHUPRWLRQ
_G_GWK_G\GW_!G\GWWK +DQGOLQJ $)6$6VWDELOLW\PRGH1HXWUDORURYHUVWHHUPRWLRQ
_G_tGWK9FK!9FK!999FKd
6SOLWEUDNLQJ
_G_tGWK9FK!d9FK999FK
6WDELOLW\ :6&(6&PRGH$)6$6VWDELOLW\PRGH
8QVWDEOHPRWLRQZLWKKLJKXQGHUVWHHU
_G_tGWK9FK_9FK_t999FKd
8QVWDEOHPRWLRQZLWKKLJKRYHUVWHHU
_G_tGWK9FK_9FK_999FKd
GWKLVWKHVWHHULQJDQJOHWKUHVKROG9FKLVWKHFKDUDFWHULVWLFYHKLFOHYHORFLW\FRPSXWHGDFFRUGLQJWR
WKH+XUZLW]VWDELOLW\FULWHULRQD[WKLVWKHORQJLWXGLQDODFFHOHUDWLRQWKUHVKROGG\GWWKLVWKH\DZUDWH
WKUHVKROG

7KH;<=LQWHJUDWLRQFODVVFDQEHDOVRUHSUHVHQWHGZLWKWKHV\VWHPDUFKLWHFWXUHZKHQRQO\
WZRV\VWHPVDUHUHVSRQVLEOHIRUWKHYHKLFOHG\QDPLFVFRQWUROLQDOOGRPDLQVLQVXFKDFDVHWKH
YHKLFOHKDVWREHFRQVLGHUHGDVPXOWLDFWXDWHGQRWRYHUDFWXDWHG7KHVWXG\>@LQYHVWLJDWHG
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
WKLV FDVH IRU WKH DFWLYH VXVSHQVLRQZLWK WKH EUDNLQJ FRQWURO )LJXUH  7KH FRQWURO RQ WKH
YHKLFOHPRWLRQLVUHDOL]HGWKURXJKEUDNHWRUTXHV7EUFDQGVXVSHQVLRQIRUFHV)]F,QDGGLWLRQWKH
FRQWUROOHU LV V\QWKHVL]HG XVLQJ OLQHDU SDUDPHWHU YDU\LQJ /39  +f PHWKRG WR DGGUHVV D
GLVWXUEDQFH DWWHQXDWLRQ SUREOHP7KHZRUN >@ LQYHVWLJDWHG WKLV DSSURDFK E\ZD\ RI WKH
GRXEOHODQHFKDQJHVLPXODWLRQZLWKYDULDWLRQRIURDGVXUIDFHFRQGLWLRQV,WZDVREVHUYHGWKDW
WKH SURSRVHG LQWHJUDWLRQ FDQ QRW RQO\ HQVXUH UHTXLUHG VWDELOLW\ DQG KDQGOLQJ EXW DOVR XVH
HIILFLHQWO\G\QDPLFVRIWKHDFWXDWRUV



)LJXUH,QWHJUDWLRQYDULDQWRIDFWLYHVXVSHQVLRQDQGEUDNHFRQWURODGDSWHGIURP>@

6HYHUDORWKHUFRPSOH[FRQWUROWRROVDUHLQYHVWLJDWHGLQYDULRXVSXEOLVKHGVWXGLHVGHGLFDWHGWR
WKHV\VWHPLQWHJUDWLRQDVDSSOLHGWRRYHUDFWXDWHGPXOWLDFWXDWHGYHKLFOHV,QSDUWLFXODUWKH
SDSHU>@SURSRVHGUHLQIRUFHPHQWOHDUQLQJFRQWURO7KHZRUNV>@>@>@GLVFXVVHG
GLYHUVHFRQWURODOORFDWLRQDSSURDFKHV+RZHYHUODFNRILUHVXOWVH[SHULPHQWDOO\YDOLGDWHGLQ
UHDOGULYLQJFRQGLWLRQVDQGLLEHQFKPDUNLQJSURFHGXUHV IRUFRPSHWLWLYHFRQWURO WHFKQLTXHV
GRHVQRWDOORZWRIDYRXURQHRUDQRWKHUPHWKRG

)XUWKHU GHYHORSPHQW RI LQWHJUDWHG V\VWHPV XQGHU;<= FODVV LV FRQQHFWHG WR;E\ZLUH
WHFKQRORJLHVDQGHOHFWULFYHKLFOHV+HUHHVVHQWLDOSURJUHVVZDVDFKLHYHGLQWKHPLGGOHRIV
ZLWKWKHILUVWSURWRW\SHVDQGFRQFHSWVRIYHKLFOHVZLWKWKHSRZHUWUDLQFRPSRVHGIURPWZRWKUHH
RUIRXULQGLYLGXDOHOHFWULFPRWRUV,QSDUWLFXODULQWURGXFWLRQRIDQLQZKHHOPRWRUZDVDNH\
VWHS LQ HPHUJLQJ LQWHJUDWHG ZKHHO FRUQHUV 7KH UHOHYDQW WHFKQRORJLHV ZHUH SURSRVHG E\
6LHPHQV9'20LFKHOLQDQG9ROYR>@>@>@7KH$XWRQRPRXV&RUQHU0RGXOHE\
9ROYRKDVEHHQLQYHVWLJDWHGLQGLIIHUHQWFRQVWUXFWLYHYDULDQWVZLWKVSHFLDODWWHQWLRQJLYHQWR
WKHGHVLJQDVSHFWV RI VXVSHQVLRQDQGHPEHGGLQJRISODQHWDU\ JHDU LQWR WKHZKHHOKXEXQLW
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
H&RUQHU RI 6LHPHQV 9'2 LQWHJUDWHG HOHFWULF SURSXOVLRQ ZLWK DFWLYH EUDNH GDPSLQJ DQG
VWHHULQJV\VWHPV$QDOWHUQDWLYHZKHHOFRUQHUVROXWLRQKDVEHHQGHYHORSHGDV0LFKHOLQ$FWLYH
:KHHOZKHUH VLPLODU VHW RI DFWLYH V\VWHPV OLNH H&RUQHU LV VXSSOHPHQWHGZLWK VSHFLILF W\UH
GHVLJQ,WFDQEHH[SHFWHGWKDWWKHVHFRQFHSWVZLOOUHFHLYHPRUHDQGPRUHDSSOLFDWLRQVIRUIXWXUH
HOHFWULFYHKLFOHVZLWKPHFKDWURQLFFKDVVLV

0HWKRGVRIV\VWHPLQWHJUDWLRQ

7KHYDULDQWVRIDFWLYHVDIHW\V\VWHPVDQDO\VHGLQWKHSUHYLRXVVHFWLRQKDYHGLYHUVHSULQFLSOHV
RIWKHLQWHJUDWLRQ6HOHFWLRQRIWKHLQWHJUDWLRQDUFKLWHFWXUHIRUDFWLYHVDIHW\V\VWHPVGHSHQGVRQ
PDQ\IDFWRUVDQGKDVWRWDNHLQWRDFFRXQWUHVSRQVHVSHHGDQGHQHUJ\FRQVXPSWLRQRIDFWXDWRUV
OLPLWDWLRQVRILQGLYLGXDOV\VWHPVLQWHUPVRIFRUUHFWLYHWRUTXHVDQGIRUFHVHWDO$QH[WHQGHG
FODVVLILFDWLRQRIDYDLODEOHDQGSRWHQWLDOLQWHJUDWLRQDUFKLWHFWXUHKDVEHHQLQWURGXFHGLQ>@
)ROORZLQJWKLVFODVVLILFDWLRQWKHLQWHJUDWHGV\VWHPVFDQEHRUJDQL]HGXQGHULFHQWUDOLVHGLL
VXSHUYLVRU\ LLL KLHUDUFKLFDO DQG LY FRRUGLQDWHG FRQWURO +RZHYHU WKHUH DUH QR GHWDLOHG
UHFRPPHQGDWLRQVLQWKHDQDO\VHGVWXGLHVDERXWWKHPRVWDSSURSULDWHYDULDQWVRIWKHLQWHJUDWLRQ
DUFKLWHFWXUH )RU SUDFWLFDO SXUSRVHV D VLPSOLILHG FODVVLILFDWLRQ RI LQWHJUDWLRQ PHWKRGV LV
SURSRVHGLQWKHSUHVHQWHGKDELOLWDWLRQWKHVLVWZRFODVVHVVLQJOHFULWHULRQDQGPXOWLFULWHULRQ
DUHFRQGLWLRQDOO\GHVLJQDWHG,QWKHILUVWFDVHWKHDFWXDWLRQRULQFOXVLRQRILQGLYLGXDOV\VWHPV
LQWRWKHFRQWUROSURFHVVLVVHOHFWHGRQWKHEDVLVRIDFHUWDLQVSHFLILFSDUDPHWHURIWKHYHKLFOH
G\QDPLFV,QWKHVHFRQGFDVHWKHRSHUDWLRQVKDUHVRIDOOSDUWLFLSDWLQJLQGLYLGXDOV\VWHPVDUH
GHILQHG E\ SDUDPHWHUV FKDUDFWHUL]LQJ GLIIHUHQW YHKLFOH SURSHUWLHV 6HYHUDO PRVW UHOHYDQW
H[DPSOHVIRUERWKFDVHVDUHLQWURGXFHGQH[WZLWKSDUWLFXODUDWWHQWLRQJLYHQWRYHKLFOHG\QDPLFV
SDUDPHWHUVLQFOXGHGLQWRWKHGHFLVLRQPDNLQJSURFHVV

6LQJOHFULWHULRQLQWHJUDWLRQ$VLPSOHDSSURDFKIRUWKHVLQJOHFULWHULRQDUFKLWHFWXUHLVWRDSSO\
D UXOHEDVHG FRRUGLQDWLRQ RI LQGLYLGXDO V\VWHPV ZKHUH WKH UXOHV UHODWH WR RQH RU PRUH
SHUIRUPDQFHLQGLFDWRUVRIYHKLFOHG\QDPLFV2QHRIWKHFRUUHVSRQGLQJH[DPSOHVLVLQWURGXFHG
LQWKHVWXG\>@LQYHVWLJDWLQJWKHDFWLYHVWHHULQJWKHDFWLYHGLIIHUHQWLDODQGWKHEUDNLQJFRQWURO
XQGHUWKH<LQWHJUDWLRQFODVV7KHFRQWUROLVEDVHGRQWKHHVWLPDWLRQRIWKHVLGHVOLSG\QDPLFV
DQGXVHVEGEGWSKDVHSODQWRIRUPWKHLQWHJUDWLRQUXOHV)LJXUH)RUWKLVDUFKLWHFWXUHRQO\
DFWLYHVWHHULQJLVLQLWLDOO\LQFOXGHGLQWRWKHFRQWUROFKDLQ7KHQZKHQDQDFWXDOGULYLQJVLWXDWLRQ
EHFRPHVPRUHFULWLFDOVXEVHTXHQWDFWLYDWLRQVRIWKHDFWLYHGULYHOLQHDQGWKHDFWLYHEUDNLQJWDNH
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
SODFH 5HVXOWV RI VWHHU LQSXW VLPXODWLRQV FRQILUPHG WKDW WKH SURSRVHG RUGHU RI WKH V\VWHPV
LQWHUYHQWLRQSURYLGHVD UHDVRQDEOH WUDGHRIIEHWZHHQVWDELOLW\ DQGVWHHUDELOLW\DQG UHGXFHV D
QHJDWLYHLQIOXHQFHRQWKHORQJLWXGLQDOYHKLFOHG\QDPLFV>@7KHGLVFXVVHGPHWKRGKDVEHHQ
H[WHQGHGLQ>@ZLWKWKHLQFOXVLRQRIWKHDFWLYHVXVSHQVLRQ+RZHYHUVLPXODWLRQVWXGLHVDV
DSSOLHG WR GRXEOHODQH FKDQJH PDQRHXYUHV ZLWK WKLV H[WHQGHG FRQILJXUDWLRQ GHWHFWHG RQO\
PLQRULPSURYHPHQWVLQWKH\DZUDWHDQGVLGHVOLSG\QDPLFV


)LJXUH'LIIHUHQWUHJLRQVLQEGEGWSKDVHSODQIRUWKHUXOHEDVHGLQWHJUDWLRQVFKHPHUHSURGXFHG
IURP>@UHIHUHQFHUHJLRQIRUFRQWUROGHVLJQDFWLYHVWHHULQJLQFOXVLRQIRUVWHHUDELOLW\
LPSURYHPHQWWUDQVLWLRQVEHWZHHQFRQWUROWDVNVDFWLYHVWHHULQJLQFOXVLRQIRUVWDELOLW\
LPSURYHPHQWDFWLYHGULYHOLQHLQFOXVLRQDFWLYHEUDNLQJLQFOXVLRQ

2WKHU UHVHDUFK ZRUNV SURSRVH PRUH SUDFWLFDO DQG VLPSOHU PHWKRGV ZKHQ WKH LQWHJUDWLRQ
HQJDJHVOLPLWHGQXPEHURIV\VWHPV,QSDUWLFXODUWKHVWXG\>@LQYHVWLJDWHGWKHLQWHJUDWLRQ
RIWKHEUDNHEDVHGDQGWRUTXHEDVHG\DZG\QDPLFVFRQWURO$'(6&79DQGXVHGWKHVWDWH
EDVHGPHWKRGDVIROORZVL,IWKHUHTXHVWHGFRUUHFWLQJ\DZWRUTXH0]UHTFDQEHJHQHUDWHGE\
WKH DFWLYH GLIIHUHQWLDO RQO\ WKHQ WKH (6& DQG WKH 79 DUH GHDFWLYDWHG LL ,I WKH UHTXHVWHG
FRUUHFWLQJ\DZWRUTXH0]UHTFDQQRWEHIXOO\FRYHUHGE\WKHDFWLYHGLIIHUHQWLDOWKHQWKHDFWLYH
GLIIHUHQWLDOVWLOOJHQHUDWHVWKHPD[LPXPWRUTXH0]GLIIPD[DQGWKHUHVWWRUTXH0]UHT0]GLIIPD[LV
HTXDOO\JHQHUDWHGE\WKH(6&DQGWKH79VKDUHRIIRUHDFKV\VWHPXQGHUFRQGLWLRQWKDW
WKHYHKLFOHYHORFLW\VKRXOGQRWEHFKDQJHGLLL,ILWLVQRWSRVVLEOHWRNHHSWKHYHKLFOHYHORFLW\
DQG WR FRUUHFW \DZG\QDPLFV VLPXOWDQHRXVO\ WKH VKDUHRI WKH(6& LV LQFUHDVHG WR JHQHUDWH
UHTXLUHG\DZWRUTXHLQVSLWHRISRVVLEOHYHORFLW\UHGXFWLRQ+HQFHVXFKDQDSSURDFKFRQVLGHUV
ERWKFULWHULRQRIYHKLFOHSHUIRUPDQFHYHORFLW\DQGVDIHW\\DZG\QDPLFVGXULQJWKHFRQWURO
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
SURFHVVDQGWULHVWRPLQLPL]HWKHORVVHVLQSHUIRUPDQFHYHORFLW\UHGXFWLRQE\VLPXOWDQHRXV
HQVXULQJWKHYHKLFOHVWDELOLW\

$QRWKHUYDULDQWRIUXOHVIRUWKHLQWHJUDWLRQRIDFWLYHVWHHULQJDQGWRUTXHYHFWRULQJLQWKHHOHFWULF
YHKLFOH LV SURSRVHG LQ >@ +HUH WKH LQWHJUDWLRQ VKRXOG IROORZ WKH *DXVVLDQ DFWLYDWLRQ
IXQFWLRQ)LJXUHFDOFXODWHGDV

 
 BPD[
H[S   
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

ZKHUHF$97&LVWKHSHUFHQWDJHRIWRUTXHYHFWRULQJDFWXDWLRQGFRUULVWKHVWHHULQJDQJOHUHTXLUHG
WRFRUUHFWWKH\DZG\QDPLFVLQJLYHQGULYLQJFRQGLWLRQVGFRUUBPD[LVWKHDFWXDWRUUDQJHOLPLWRI
WKHDFWLYHVWHHULQJFRQWUROOHU,WFDQEHVHHQWKDWWKHFRQGLWLRQHQVXUHVJUDGXDOLQFOXVLRQ
RIWKHWRUTXHYHFWRULQJLQWRWKHFRQWUROSURFHVV)URPYLHZSRLQWRIYHKLFOHVWDELOLW\LWDYRLGV
WKH79LQIOXHQFHRQGULYLQJFRPIRUWSURYLGHGE\WKHDFWLYHVWHHULQJDVORQJDVSRVVLEOH



)LJXUH$FWLYDWLRQIXQFWLRQXVHGIRUWKHLQWHJUDWLRQRIWRUTXHYHFWRULQJDQGDFWLYHVWHHULQJ
UHSURGXFHGIURP>@$79&DFWLYHWRUTXHYHFWRULQJFRQWURO

6RPHVXPPDUL]HGUHPDUNVFDQEHGRQHIRUWKHVLQJOHFULWHULRQLQWHJUDWLRQSULQFLSOH
x 0RVWRIUHOHYDQWVROXWLRQVDUHXVLQJWKHUXOHEDVHGPHWKRGVLQFOXGLQJIX]]\PHWKRGV
WKDWLVIDYRXUDEO\IRUHDVLHUUHDOWLPHLPSOHPHQWDWLRQRQWKHYHKLFOH
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x $QDO\VHG VLQJOHFULWHULRQ LQWHJUDWLRQ H[DPSOHV DUH JHQHUDOO\ FRQVLGHUHG WKH EDODQFH
EHWZHHQWZRYHKLFOHVSURSHUWLHVLQSDUWLFXODUVWDELOLW\YVSHUIRUPDQFHDQGVWDELOLW\YV
GULYLQJFRPIRUW,QFOXVLRQRIPRUHYHKLFOHDWWULEXWHVLQWRWKHLQWHJUDWLRQVWUDWHJ\FDQ
UHTXLUHPRUHFRPSOH[LQWHJUDWLRQDUFKLWHFWXUH

0XOWLFULWHULRQ LQWHJUDWLRQ0XOWLFULWHULRQ LQWHJUDWHG DFWLYH VDIHW\ V\VWHPV KDYH PDLQO\ D
PXOWLOD\HUVWUXFWXUH7RJLYHDQH[DPSOH)LJXUHVKRZVWKHDUFKLWHFWXUHRIWKHPXOWLOD\HU
YHKLFOHG\QDPLFV FRQWURO V\VWHPSURSRVHG LQ >@ IRUDQHOHFWULFYHKLFOHZLWK WZRHOHFWULF
PRWRUV7KH VXSHUYLVRU\ FRQWUROOHU OD\HUGHILQHV WKH UHIHUHQFHYHKLFOHG\QDPLFV7KHXSSHU
OHYHOFRQWUROOHUFRPSXWHVWKHDFWXDOSDUDPHWHUVDVYHKLFOHIRUFHVDQG\DZPRPHQWZKLFKDUH
WKH LQSXWV IRU WKH ORZHU OHYHO FRQWUROOHU GHWHUPLQLQJ DFWXDWRU FRPPDQGV 7KH DFWLYDWLRQ RI
SDUWLFLSDWLQJVXEV\VWHPVGHSHQGVRQDFWXDWRUFRQVWUDLQWVZKLFKDUHVHWXSE\WKHORZHUOHYHO
FRQWUROOHU)RU LQVWDQFHDVDSSOLHG WR WKHFDVHVWXG\ IURP>@  WKHVXSHUYLVRU\FRQWUROOHU
GHILQHVILUVWO\WKHFRQWUROPRGHLQDFFRUGDQFHZLWK)LJXUH%XWWKHQWKHORZHUOHYHOFRQWUROOHU
SHUIRUPVWKHRSWLPL]DWLRQRIFRQWURODFWLRQVE\FULWHULDRIGULYLQJHIILFLHQF\PLQLPL]DWLRQRI
DOORFDWLRQ HUURU DQG ZKHHO VOLS OLPLWV $IWHU WKH RSWLPL]DWLRQ WKH DFWXDWRU FRPPDQGV DUH
GLVWULEXWHGLQGLYLGXDOO\WRHDFKDFWXDWRUHOHFWULFPRWRUVDQGLQGLYLGXDOZKHHOEUDNHVLQWKH
FRQVLGHUHG FDVH 7KLV DSSURDFK KDV EHHQ YDOLGDWHG E\ VLPXODWLRQ RI D FRPSOH[PDQRHXYUH
LQFOXGLQJFRQVWDQWWXUQLQJDQGVHYHUDOGRXEOHODQHFKDQJHVDQGFRQILUPHGEHWWHUSHUIRUPDQFH
LQWHUPVRIUROORYHULQGH[PLQLPL]DWLRQRIWKHVLGHVOLSDQG\DZUDWHHUURUWUDFNLQJDVFRPSDUHG
ZLWKWKHHYHQWEDVHG(6&V\VWHP>@



)LJXUH0XOWLOD\HUYHKLFOHG\QDPLFVFRQWUROV\VWHPDGDSWHGIURP>@
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+DELOLWDWLRQWKHVLV


aa

D
E

)LJXUH([DPSOHRIDGPLVVLEOHFRQWUROUHJLRQDDQGFRQWURODFWLYDWLRQUXOHVE>@
JGHVUHIHUHQFH\DZUDWHJDFWXDO\DZUDWHNG JGHV9[NPD[DQGJWKFRQWUROWKUHVKROGV

0DQ\ UHFHQW LQYHVWLJDWLRQV UHODWHG WR WKH PXOWLFULWHULRQ LQWHJUDWLRQ XVH YDULRXV FRQWURO
DOORFDWLRQPHWKRGV5HOHYDQW LQWHJUDWHG DFWLYH VDIHW\ V\VWHPVDUHGLVFXVVHG LQ WKHZRUNVRI
/DLQH>@.QREHO>@6K\URNDX>@DQGRWKHUDXWKRUV7KHFRQWURODOORFDWLRQUHTXLUHV
RSWLPL]DWLRQ SURFHGXUHV WR GHILQH WKH LQGLYLGXDO FRQWULEXWLRQ RI HDFK LQGLYLGXDO V\VWHP
DFWXDWRUWRWKHFRQWUROSURFHVV7KHGLIIHUHQWSDUDPHWHUVRIYHKLFOHG\QDPLFVFDQEHXVHGLQ
WKLV UHJDUG ,Q SDUWLFXODU WKH VWXG\ >@ KDV LQYHVWLJDWHG D FRQFHSW RI WKH HOHFWULF YHKLFOH
HTXLSSHGZLWKWKHPRWRUWRUTXHFRQWUROWKHDFWLYHVWHHULQJDQGWKHDFWLYHVXVSHQVLRQHOHPHQWV
7KH V\VWHP XQGHU GLVFXVVLRQ EHORQJV WR WKH ;<=LQWHJUDWLRQ FODVV 7KH RSHUDWLRQ RI
LQGLYLGXDODFWXDWRUV LVGHILQHGXVLQJ WKHRSWLPL]DWLRQSUREOHPZLWK WKH IROORZLQJSDUWLFXODU
REMHFWLYHVWRPLQLPL]HWKHW\UHZHDUE\PLQLPL]LQJWKHW\UHVOLSDQJOHVDLWRPLQLPL]HWKH
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
HQHUJ\FRQVXPSWLRQE\PLQLPL]LQJWKHORQJLWXGLQDO W\UHIRUFHV)[LVXEMHFWHGWR WKHW\UHVOLS
DQJOHVDQGZKHHOVOLSOLDQGWRPLQLPL]HWKHXWLOL]DWLRQRIWKHW\UHIULFWLRQSRWHQWLDO

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
&RUUHVSRQGLQJPXOWLREMHFWLYHRSWLPL]DWLRQSUREOHPFDQEHVROYHGDVDZHLJKWHGVXPRIWKUHH
PHQWLRQHGREMHFWLYHVZLWKZHLJKWLQJIDFWRUVJN
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

0RUHLQIRUPDWLRQDERXWWKHLPSOHPHQWDWLRQRIWKHFRQWURODOORFDWLRQLQYDULRXVDFWLYHVDIHW\
V\VWHPVLVJLYHQLQ>@>@>@)XUWKHU6HFWLRQZLOOLQWURGXFHDFRUUHVSRQGLQJ
FDVH VWXG\6XPPDUL]LQJ LW FDQEHPHQWLRQHG IRU WKHPXOWLFULWHULRQPHWKRGVRI WKH DFWLYH
VDIHW\V\VWHPLQWHJUDWLRQZLWKWKHFRQWURODOORFDWLRQWKDWWKHFRPSOH[LW\RISUREOHPVRIRSWLPDO
GLVWULEXWLRQDOJRULWKPVDQGGHILQLWLRQRIDFWXDWRUFRQVWUDLQWVGHSHQGVVWURQJO\IURPQXPEHURI
FRQWUROV\VWHPVDFWXDWRUVDQGREMHFWLYHVWREHUHDFKHGWKURXJKWKHLQWHJUDWHGFRQWURO FRVW
IXQFWLRQVIRUWKHRSWLPL]DWLRQ

6XPPDU\

7KHSUHVHQWHGRYHUYLHZRILQWHJUDWHGDFWLYHVDIHW\V\VWHPVDOORZVWRFRQFOXGHWKDWWKH\FDQEH
FODVVLILHGLQDFFRUGDQFHZLWKORQJLWXGLQDO ODWHUDODQGYHUWLFDOGRPDLQVRIYHKLFOHG\QDPLFV
)RUWKHSURSRVHGFODVVHVHDFKYDULRXVFRQILJXUDWLRQVRIDFWLYHFKDVVLVDQGSRZHUWUDLQV\VWHPV
DUHLQYHVWLJDWHGLQWKHUHVHDUFKOLWHUDWXUH+RZHYHUDFULWLFDOSRLQWIRUFXUUHQWUHVHDUFKLVWKH
ODFNRIFOHDUEHQFKPDUNLQJFULWHULDWRLGHQWLI\RSWLPDORUWKHPRVWHIILFLHQWFRPELQDWLRQVRI
FRRSHUDWLQJV\VWHPV0DQ\SURSRVHGVROXWLRQVGHPRQVWUDWHGFHUWDLQHIIHFWVLQLPSURYHPHQWRI
RQHRUDQRWKHUYHKLFOHIHDWXUHDVVWDELOLW\EUDNLQJSHUIRUPDQFHW\UHIULFWLRQXWLOL]DWLRQHWDO
EXWDQDQDO\VLVRIFRUUHVSRQGLQJHQHUJ\FRQVXPSWLRQGXHWRWKHRSHUDWLRQRIVHYHUDOV\VWHPV
IRUWKHVDPHFRQWUROWDVNVLVRIWHQPLVVLQJ,WSRLQWVFOHDUO\WRWKHGHPDQGIRUWKHGHYHORSPHQW
RIFRUUHVSRQGLQJYDOXHHQJLQHHULQJPHWKRGV6XFKPHWKRGVDUHUHTXLUHGERWKE\GHVLJQLQJWKH
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
LQWHJUDWHGDFWLYHVDIHW\V\VWHPVDQGE\EHQFKPDUNLQJGLIIHUHQWV\VWHPDUFKLWHFWXUHVE\FULWHULD
RIFRPSOH[LW\SHUIRUPDQFHEHQHILWVDQGUREXVWQHVV

(IIHFWIURPWKHLQWHJUDWHGDFWLYHVDIHW\FRQWUROFDQEHHVSHFLDOO\YLVLEOHLQWKHFDVHRIFRPSOH[
PDQHXYHUVFDXVLQJFULWLFDOGULYLQJVLWXDWLRQV3URSHUHYDOXDWLRQRIWKHV\VWHPSHUIRUPDQFHLQ
VXFKVLWXDWLRQVUHTXLUHVVWXGLHVLQQHZDGHTXDWHSURFHGXUHVRIYDOLGDWLRQDQGWHVWLQJ$YDLODEOH
WHVWLQJVWDQGDUGVXVHJHQHUDOO\VSHFLILFPDQHXYHUVDVHPHUJHQF\EUDNLQJ ODQHFKDQJHHWDO
7KHUHIRUHDGYDQFHPHQWRUGHYHORSPHQWRIQHZWHVWLQJSURFHGXUHVIRUVLPXOWDQHRXVHYDOXDWLRQ
RI LQWHJUDWHGV\VWHPSHUIRUPDQFHE\FULWHULDRIVDIHW\GULYLQJFRPIRUWHQHUJ\HIILFLHQF\ LV
VWURQJO\GHPDQGHG

7RJLYHVHYHUDOSUDFWLFDOH[DPSOHVRIGHVLJQLQJLQWHJUDWHGDFWLYHVDIHW\FRQWUROWKHVXEVHTXHQW
VHFWLRQZLOOLQWURGXFHUHVXOWVRIWZRUHOHYDQWFDVHVWXGLHV7KHVHFDVHVWXGLHVZHUHLQYHVWLJDWHG
DW7HFKQLVFKH8QLYHUVLWlW,OPHQDXDQGFRQVLGHUDSSOLFDWLRQVERWKIRUFRQYHQWLRQDODQGHOHFWULF
YHKLFOHV


 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV

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
&DVH6WXGLHVLQ,QWHJUDWHG$FWLYH6DIHW\&RQWURO

,QWHJUDWHGVWDELOLW\FRQWUROXVLQJWKHEUDNLQJVWHHULQJDQGGULYHOLQH
V\VWHPV

$6\VWHPDUFKLWHFWXUH

7KH YDULDQW RI LQWHJUDWHG V\VWHPV KDV EHHQ GHYHORSHG LQ FRRSHUDWLRQ EHWZHHQ 7HFKQLVFKH
8QLYHUVLWlW ,OPHQDXDQG/DZUHQFH7HFKQRORJLFDO8QLYHUVLW\86$WRLQYHVWLJDWHFRPELQHG
FRQWURORQYHKLFOHVWDELOLW\DQGSHUIRUPDQFHXVLQJFRRSHUDWLQJVXEV\VWHPVRIGULYHOLQHEUDNHV
DQGVWHHULQJ6HYHUDOHVVHQWLDOUHVXOWVRI WKLVUHVHDUFKDUHSXEOLVKHGLQ >@DQG>@7KH
GHYHORSHGFRQWUROOHUKDVVHYHUDOPDLQEORFNVGHSLFWHGRQ)LJXUH*HQHUDOO\WKHSURSRVHG
DOJRULWKPRIV\VWHPLQWHJUDWLRQFDQEHGHVFULEHGDVIROORZV

/RQJLWXGLQDO YHORFLW\ HVWLPDWRU FDOFXODWHV WKH YHKLFOH VSHHG IURP ZKHHO VSHHG VHQVRU
LQIRUPDWLRQZL DQG WKH ORQJLWXGLQDO DFFHOHUDWLRQ D[P XVLQJ WKH UHFXUVLYH.DOPDQ ILOWHU 7KH
HVWLPDWHGYHORFLW\9[HWKHPHDVXUHGDFFHOHUDWLRQD[PDQGWKHWXUQLQJDQJOHRIWKHYHKLFOHDUH
WKHQXVHGLQWKHUHIHUHQFHYHKLFOHPRGHO7KHWXUQLQJDQJOHLVUHVXOWHGIURPWKHDQJOHGHILQHG
E\WKHGULYHUįIPDQGDGGLWLRQDODQJOHIURPWKHDFWLYHVWHHULQJįIDGG

5HIHUHQFHYHKLFOHPRGHOLVQHFHVVDU\WRILQGWKHFRQWUROHUURUDVGLIIHUHQFHEHWZHHQLGHDOL]HG
DQGDFWXDOYHKLFOHVSDUDPHWHUVREWDLQHGE\RQERDUGVHQVRUV7KHPDWKHPDWLFDOIRUPXODWLRQRI
WKHUHIHUHQFHYHKLFOHPRGHOXVHGLQWKLVVWXG\FRUUHVSRQGVWRWKH'2)PRGHO)LJXUH
7KH'2)PRGHOLQFOXGHVORQJLWXGLQDO[ODWHUDO\\DZ\DQGUROOIG\QDPLFVRIWKH
YHKLFOH DQG URWDWLRQDO G\QDPLFVRI IRXUZKHHOV ERWK DERXW WKH VSLQ DQGYHUWLFDO D[HV 7KH
UHVHDUFKZRUNVFDUULHGRXWDW7HFKQLVFKH8QLYHUVLWlW,OPHQDXFRQILUPHGDJRRGDSSOLFDELOLW\
RI WKLV '2) YHKLFOH PRGHO WR WKH GHYHORSPHQW RI FRQWUROOHUV RI DFWLYH VDIHW\ V\VWHPV
HVSHFLDOO\ XVLQJ WKH KDUGZDUHLQWKHORRS GHVLJQ SURFHGXUHV >@  7KH PDLQ RXWSXW
SDUDPHWHUVRIWKHPRGHOIRUVXEVHTXHQWSURFHVVLQJDUHUHIHUHQFHYDOXHVRIWKH\DZUDWHG\HGW
WKHYHKLFOHVLGHVOLSDQJOHEHDQGWKHODWHUDODFFHOHUDWLRQD\H

8VLQJPHDVXUHGDQGFDOFXODWHGSDUDPHWHUVERXQGDU\FRQGLWLRQVRIWKHYHKLFOHPRWLRQE\WKH
FULWHULRQRIVWDELOLW\DUHGHILQHGRQWKHQH[WVWHS%HFDXVHERXQGDU\FRQGLWLRQVUHTXLUHLQFOXVLRQ
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa
RI LQIRUPDWLRQ DERXW W\UHURDG IULFWLRQ FRQGLWLRQV WKH W\UH PRGHO LV XVHG WR FRPSXWH WKH
PD[LPXPIULFWLRQFRHIILFLHQWȝLPD[IRUHDFKZKHHO7KHEORFNRIERXQGDU\FRQGLWLRQVVSHFLILHV
HUURUV IRU VLJQDOV RI WKH \DZ UDWH WKH YHKLFOH VLGH VOLS DQG WKH ODWHUDO DFFHOHUDWLRQ DV WKH
GLIIHUHQFHEHWZHHQWKHUHIHUHQFHDQGPHDVXUHGYDOXHV

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)LJXUH%ORFNGLDJUDPRILQWHJUDWHGYHKLFOHG\QDPLFVFRQWURODOJRULWKP
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
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
)LJXUH'2)YHKLFOHPRGHOOD\RXW

1H[W EORFN GHGXFHV UHTXLUHG FKDQJH RI WKH \DZ WRUTXH WDNLQJ LQWR DFFRXQW HUURUV 
ORQJLWXGLQDO DFFHOHUDWLRQ D[P DQG GLIIHUHQFH EHWZHHQ WKH FRPSXWHG DQG PHDVXUHG VOLSVNLG
IDFWRUV7KLVEORFNGHILQHVDOVRWKHVWDELOLW\DQGSHUIRUPDQFHFULWHULDRIPRWLRQ7KHVWDELOLW\
FULWHULDDUHPDJQLWXGHVRIHUURUVEHWZHHQWKHFRPSXWHGDQGPHDVXUHG\DZUDWHYHKLFOHVLGH
VOLSDQJOHDQGODWHUDODFFHOHUDWLRQDQGWKHUDWHVRIHUURUFKDQJH$QREMHFWLYHIXQFWLRQRIWKH
VWDELOLW\FULWHULDLV

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
7KHSHUIRUPDQFHFULWHULDDUHLQVWDQWDQHRXVSRZHUVRQZKHHOVSRVLWLYHJURZWKRIORQJLWXGLQDO
DFFHOHUDWLRQDQGVOLSSRZHUV7KHFRUUHVSRQGLQJREMHFWLYHIXQFWLRQLVDVIROORZV

     PD[ PLQ PD[PL ZLSHUI Z [V( 3 3 D6   
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

7KHEORFNIRUJHQHUDWLRQRIVXEV\VWHPLQWHUYHQWLRQVFRPSXWHVWKHSHUFHQWDJHRISDUWLFLSDWLRQ
RI WKH EUDNHV GULYHOLQH DQG VWHHULQJ VXEV\VWHPV LQ WKH FRQWURO SURFHVV 7KH VKDUH RI
SDUWLFLSDWLRQRIWKHEUDNHVDQGGULYHOLQHDUHLQWURGXFHGLQWKHIRUPRIFRHIILFLHQWVNEUDQGNWU
VKRZLQJWKHSHUFHQWDJHRIDGGLWLRQDOSRVLWLYHRUQHJDWLYHWRUTXH7ZLDGG7KLVWRUTXHKDVWREH
DSSOLHG WR LQGLYLGXDO ZKHHOV WR DFKLHYH VLPXOWDQHRXVO\ FULWHULD RI VWDELOLW\ DQG GULYLQJ
HIILFLHQF\
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+DELOLWDWLRQWKHVLV
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
ZKHUH7ZLEULVWKHDGGLWLRQDOWRUTXHIURPEUDNHV7ZLWULVWKHDGGLWLRQDOWRUTXHIURPGULYHOLQH
7KHFRQWULEXWLRQRIDFWLYHIURQWVWHHULQJVXEV\VWHPLVFDOFXODWHGDVDGGLWLRQDOVWHHULQJDQJOH
GIDGG

%5HVXOWVRIUHDOWLPHVLPXODWLRQRI³6LQHZLWKGZHOO´PDQRHXYUH*HQHUDOFRQVLGHUDWLRQ

7KH RSHUDWLRQ RI WKH GHVFULEHG LQWHJUDWHG FRQWUROOHU LV IXUWKHU LOOXVWUDWHGZLWK WKH VWDQGDUG
PDQRHXYUH6LQHZLWKGZHOOSHUIRUPHGE\WKHSDVVHQJHUFDUIXOOPDVVNJ7KH³6LQH
ZLWKGZHOO´SURFHGXUHLVSUHVFULEHGE\)0966DQG(&(5+UHJXODWLRQVDVRQHRIWKH
WHVWVUHTXLUHGIRUWKHSHUIRUPDQFHDVVHVVPHQWRIHOHFWURQLFVWDELOLW\FRQWUROV\VWHPV)LJXUH
DQG)LJXUHSUHVHQWUHDOWLPH+,/VLPXODWLRQUHVXOWVIRUWKHLQLWLDOYHKLFOHYHORFLW\RIPV




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
)LJXUH6LQHZLWK'ZHOOPDQRHXYUHIRUGLIIHUHQWVXEV\VWHPFRQILJXUDWLRQV


)LJXUH1XPHULFDOLQGLFDWRUVRIV\VWHPSHUIRUPDQFHIRU6LQHZLWK'ZHOOPDQRHXYUHFDVHV
QRFRQWURO(6&79(6&$)679$)6(6&79$)6

,WZDVVLPXODWHGWKDWWKLVPDQRHXYUHVWDUWVRQWKHILUVWVHFRQGRIYHKLFOHPRWLRQ7KHFDUGULYHV
RQGU\VPRRWKDVSKDOWURDGZLWKȝPD[ 'XULQJWKHWXUQLQJWKHGULYHUVKRXOGLQFUHDVHWKH
IXHO IHHG WR DYRLG WKH UHGXFWLRQ RI YHKLFOH YHORFLW\1H[W UHVXOWV XQGHUOLQH WKH HIIHFW RI DQ
LQWHJUDWHG FRQWURO RQ VWDELOLW\ DQG SHUIRUPDQFH E\ YDULRXV FRPELQDWLRQV RI DFWXDWLQJ
VXEV\VWHPV7KHFRUUHVSRQGLQJVLPXODWLRQH[DPLQHGIRXUFRPELQDWLRQVRIVXEV\VWHPVDVZHOO
DVRQHPRGHRIWKHYHKLFOHPRWLRQZLWKRXWFRQWURODFWLRQV

7KHGLDJUDPVIURP)LJXUHVKRZWKDWDOOFRPELQDWLRQVH[FHSW79$)6GHFUHDVHWKH\DZ
UDWH DQG WKH VLGH VOLS DQJOH%XW UHGXFWLRQRI WKHYHKLFOHYHORFLW\ WDNHVSODFHGXH WRSDUWLDO
EUDNLQJRIZKHHOV7KHVXSHUSRVLWLRQRIWKHWRUTXHYHFWRULQJDQGWKHDFWLYHVWHHULQJJLYHVQR
HIIHFWDWKLJKYHKLFOHYHORFLWLHVWKDWLVFRPSDUDEOHZLWKWKH(6&RSHUDWLRQ8VLQJWKHPDQHXYHU
ZLWKRXWFRQWURODFWLRQVDVWKHUHIHUHQFHFDVHLWFDQEHFRQFOXGHGWKDWWKHFRPELQDWLRQRIWKH
(6&ZLWKDQ\RWKHUVXEV\VWHPHQVXUHVWKHVWHSGRZQRIDPSOLWXGHVRI\DZUDWHRQDERXW
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

DQGVLGHVOLSRQDERXW7KHYHORFLW\ORVVHVDUHRQO\ZLWKLQWKHUDQJHRIGXULQJWKH
PDQHXYHU7KHFRPELQDWLRQRIWKUHHVXEV\VWHPVJLYHVWKHPLQLPDOYHORFLW\UHGXFWLRQ
DQG WKHPLQLPDO VOLSSRZHU FD N:6XPPDUL]LQJ WKUHH LQWHJUDWLQJ VXEV\VWHPV VKRZ
EHWWHUUHVXOWVLQVWDELOLW\DQGSHUIRUPDQFHDVFRPSDUHGZLWKWKHMRLQWRSHUDWLRQRIWKH(6&DQG
RQHRIRWKHUVXEV\VWHPV

&5HVXOWVRIUHDOWLPHVLPXODWLRQRI³6LQHZLWKGZHOO´PDQRHXYUH6WXG\RQV\VWHPGLVWULEXWLRQ

)XUWKHUSDUWRIWKHVWXG\DLPVDWDQVZHULQJWKHIROORZLQJTXHVWLRQVL+RZWKHGLIIHUHQWVKDUHV
RIFRQWULEXWLRQRIVHYHUDOVXEV\VWHPVWRWKHZKHHOWRUTXHVFDQLQIOXHQFHYHKLFOHRSHUDWLRQ"LL
'RWKHVHVKDUHVUHTXLUHDGDSWDWLRQWRWKHYHKLFOHYHORFLW\"7KHVHTXHVWLRQVUHODWHWRWKHORJLF
RIWKHEORFN&KRLFHRISHUFHQWDJHSDUWLFLSDWLRQRIFRQWUROV\VWHPVIURP)LJXUH1H[WUHDO
WLPH VLPXODWLRQ UHVXOWV LQWURGXFH WKH VDPH PDQHXYHU ZLWK WKUHH VLPXOWDQHRXVO\ RSHUDWLQJ
VXEV\VWHPV7KHVKDUHVRIWKHRSHUDWLRQRIHDFKVXEV\VWHPZHUHFDOFXODWHGLQUHIHUHQFHWRWKH
\DZUDWH)LJXUHDQG)LJXUHJLYHUHVXOWVRIWKLVVWXG\

 


)LJXUH±3DUDPHWHUVRIYHKLFOHG\QDPLFVE\GLIIHUHQWLQWHJUDWLRQVWUDWHJLHV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa


)LJXUH±&RQWUROHUURUVIRUGLIIHUHQWLQWHJUDWLRQVWUDWHJLHV
&DVHVXQGLVWULEXWHG
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

7KHVWXG\H[DPLQHGWKHIROORZLQJYDULDQWV
x 0DQHXYHUZLWKRXWGLVWULEXWLRQFRHIILFLHQWVIRU\DZUHIHUHQFHVLJQDODUHHTXDOWRIRU
DOOVXEV\VWHPVVKRZQDV³XQFRQWUROOHG´FDVHRQ)LJXUH
x 6LPXOWDQHRXV RSHUDWLRQ RI WKH (6& WKH 79 DQG WKH $)6 ZLWK WKH SHUFHQWDJH
SDUWLFLSDWLRQUHVSHFWLYHO\

7KH GLIIHUHQW VKDUH HVSHFLDOO\ E\ KLJK SHUFHQWDJH SDUWLFLSDWLRQ RI WKH 79 DQG WKH $)6
VXEV\VWHPV FDQ DGYHUVHO\ DIIHFW WKH YHKLFOH VWDELOLW\ DV FRPSDUHGZLWK WKH XQGLVWULEXWHG
PDQHXYHUVHH<DZUDWHRQ)LJXUH7KHYHKLFOHYHORFLW\ZDVLQVLJQLILFDQWO\FKDQJHGLQ
DOO FRQVLGHUHG FDVHV DW WKDW WKH VOLS ORVVZDVPLQLPXPZLWK WKH XQGLVWULEXWHGPDQHXYHU
+HQFHWKHPRWLRQLQWKHXQGLVWULEXWHGFDVHFRXOGEHFRQVLGHUHGDVRSWLPDO+RZHYHUWKLVLV
QRWWUXHLQWKHFDVHRIRWKHUYHORFLWLHV,QSDUWLFXODUWKHSDUWLFLSDWLRQRIWKH(6&DVDFRUUHFWLRQ
WRROVKRXOGEHOLPLWHGE\VPDOOYHORFLWLHV7KHVLPXODWLRQUHVXOWVIRUWKHYHORFLW\RINPK
FRQILUPWKLVSURSRVLWLRQ)LJXUH+HUHWKHPD[LPXPYDOXHRI\DZUDWHLVQRWVRFULWLFDODQG
WKH GHYLDWLRQ IURP WKH XQGLVWULEXWHG FDVH FRQVLVWV RI  6PDOO VOLS DQJOHV FDQ EH
FKDUDFWHULVWLFIRUWKHGULYLQJRQWKHKLJKIULFWLRQURDG+RZHYHUWKHWKLUGGLVWULEXWLRQYDULDQW
LVFKDUDFWHUL]HGE\WKHYHORFLW\GURSRQRQO\DWWKDWWKHVOLSSRZHUZDVUHGXFHGRQ
WKDWHYLGHQFHVDERXWLPSURYHGYHKLFOHSHUIRUPDQFH

,QWHJUDWHGDFWLYHVDIHW\V\VWHPIRUHOHFWULFYHKLFOH

7KHH[DPSOHRILQWHJUDWHGYHKLFOHFRQWUROZKLFKZLOOEHGLVFXVVHGLQWKLVVHFWLRQLVEDVHGRQ
FRQWURODOORFDWLRQWHFKQLTXHGHYHORSHGLQ1DQ\DQJ7HFKQRORJLFDO8QLYHUVLW\>@>@DQG
H[SHULPHQWDOO\ YDOLGDWHG DQG LQYHVWLJDWHG DW 7HFKQLVFKH 8QLYHUVLWlW ,OPHQDX >@ >@
>@7KHGHYHORSHGFRQFHSWRIWKHLQWHJUDWHGV\VWHPLVGHYHORSHGIRUWKHHOHFWULFYHKLFOHIXOO
PDVVNJZLWKLQGLYLGXDOO\FRQWUROOHGLQZKHHOPRWRUVPD[SRZHUN:SHDOWRUTXH
1PPD[LPXPVSHHGUSPDQGDVHWRIDFWLYHVXEV\VWHPVIRUEUDNHVVWHHULQJFDPEHU
DQJOH DQG W\UHSUHVVXUH)LJXUH7DNLQJ LQWR DFFRXQW WKHRSHUDWLRQRI HOHFWULFPRWRUV LQ
GULYLQJDQGEUDNLQJPRGHVWKHSUHVHQWHGLQWHJUDWHGFRQWUROOHURSHUDWHVVL[VXEV\VWHPVLQWRWDO

,QDFFRUGDQFHZLWK)LJXUHWKHGHYHORSHGFRQWUROVWUDWHJ\LQFOXGHVLYHKLFOHVWDWHHVWLPDWRU
EDVHGRQH[WHQGHG.DOPDQILOWHULLKLJKOHYHOFRQWUROOHURIYHKLFOHPRWLRQLLLPLGGOHOHYHO
FRQWURODOORFDWLRQDQGLYORZHUOHYHOLQGLYLGXDOFRQWUROOHUVRIHDFKVXEV\VWHP7KHKLJKOHYHO
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa
FRQWUROFRQVLVWVRIUHIHUHQFHYHKLFOHPRGHODQGYHKLFOHG\QDPLFVFRQWUROOHU+HUHWKH'2)
YHKLFOHPRGHO)LJXUHLVXVHG>@*HQHUDOL]HGORQJLWXGLQDODQG\DZWRUTXHDUHFRPSXWHG
LQDFFRUGDQFHZLWKWKHFRQWUROHUURUV7KHUHIHUHQFHORQJLWXGLQDODFFHOHUDWLRQLVGHULYHGIURP
WKHPHDVXUHG SHGDO IRUFH 7KH FRQWURO GHPDQG IRU WKH YHKLFOH G\QDPLFV FRQWUROOHU FDQ EH
FDOFXODWHG ZLWK GLIIHUHQW PHWKRGV ,Q SDUWLFXODU WKH FRUUHVSRQGLQJ YDULDQW ZLWK WKH 3,
IRUPXODWLRQKDVEHHQUHDOL]HGDVIROORZV

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 

ZKHUHUHIUHODWHVWRWKHUHIHUHQFHYDULDEOHVDQGPHVUHODWHVWRPHDVXUHGSDUDPHWHUV



)LJXUH%ORFNGLDJUDPRILQWHJUDWHGV\VWHPIRUHOHFWULFYHKLFOHUHHGLWHGIURP>@

7KHPLGGOHOHYHOFRQWURODOORFDWLRQ WDNHV LQWRDFFRXQW WKDW UHODWLRQVKLSEHWZHHQJHQHUDOL]HG
IRUFHVDQG\DZWRUTXHIURPWKHFRQWUROGHPDQGDQGWKHFRQWUROLQSXWVLVQRQOLQHDU%HFDXVHRI
WKLVWKHIHHGEDFNOLQHDUL]DWLRQ>@E\FDQFHOOLQJRIQRQOLQHDUWHUPKDVEHHQSURSRVHGIRUWKH
UHDOL]DWLRQLQWKHPLGGOHOHYHOEORFN

     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
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV
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6LQFH WKH VL[ YHKLFOH VXEV\VWHPV DUH FRQVLGHUHG DQG HOHFWULF PRWRUV FDQ GHYHORS SRVLWLYH
WUDFWLRQDQGQHJDWLYHEUDNHWRUTXHVWKHFRQWUROLQSXWYHFWRULVJLYHQDV
 
       
7&$ &$ &$ &$ SRV &$ QHJ &$ &$ &$
DIV DUV HP L HP L EU L L ZLX 0 0 0 SG G Jª º '¬ ¼ 

7KHFRQWUROHIIHFWLYHQHVVPDWUL[%XLVHTXDOWR

SRV QHJ
X VWHHU HPRWRU HPRWRU EUDNH SZ% % % % % % %Jª º ¬ ¼ 



)LJXUH'2)YHKLFOHPRGHOOD\RXW

$GHWDLOHGGHVFULSWLRQRIFRQWUROHIIHFWLYHQHVVPDWULFHVLVJLYHQLQ>@7KHDLPRIFRQWURO
DOORFDWLRQ LV WR PLQLPL]H DOORFDWLRQ HUURU %XX&$ ± Y DQG HQHUJ\ FRQVXPSWLRQ XQGHU
FRQVLGHUDWLRQRIDFWXDWRUFRQVWUDLQWV7KHILQDOFRQVWUDLQWVIRURSWLPL]DWLRQLQFOXGHDOVR W\UH
FRQVWUDLQWV DFWXDWRU SRVLWLRQ DQG UDWHV OLPLWV 7KH ORZHUOHYHO DFWXDWRU FRQWURO VKRXOG L
JXDUDQWHHDSUHFLVHWUDFNLQJRIUHIHUHQFHFRQWUROVLJQDOVREWDLQHGIURPWKHPLGGOHOHYHORIWKH
FRQWUROOHU DQG LL HVWLPDWH ERXQGDU\ FRQGLWLRQV IRU FRQWURO DOORFDWLRQ WDNLQJ LQWR DFFRXQW
VXEV\VWHPG\QDPLFV7KHGHVFULEHGFRQFHSWKDVEHHQWHVWHGRQWKHDGYDQFHGKDUGZDUHLQWKH
ORRSWHVWULJDW7HFKQLVFKH8QLYHUVLWlW,OPHQDX)LJXUH
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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




)LJXUH,QWHJUDWHG+,/WHVWULJDQGLWVFRPSRQHQWV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
7KHWHVWSODWIRUPFRQVLVWVRIUHDODQGYLUWXDOFRPSRQHQWV LQFOXGHGLQWRWKHKDUGZDUHLQWKH
ORRSDUFKLWHFWXUH7KHKDUGZDUHVXEV\VWHPVDUH UHDOL]HGIRU WKHFRQYHQWLRQDOHOHFWULFSRZHU
VWHHULQJWKHK\GUDXOLFEUDNHVDQGWKHG\QDPLFW\UHSUHVVXUHFRQWURO2WKHUYHKLFOHVXEV\VWHPV
WKHPXOWLERG\YHKLFOHPRGHODQGWKHYHKLFOHG\QDPLFVFRQWUROOHUKDYHVRIWZDUHUHDOL]DWLRQLQ
0$7/$%6LPXOLQNDQG ,3*&DU0DNHU7KHG63$&(FRPSRQHQWV IRUGLJLWDODQGDQDORJXH
GDWDLQSXWRXWSXWDVZHOODVIRU&$1EXVSURWRFROFRPPXQLFDWLRQFRPSRVHDIUDPHZRUNRIWHVW
ULJDUFKLWHFWXUH7KHPDLQERDUGGVLVFDSDEOHWRGLVWULEXWHSURFHGXUHVEHWZHHQIRXUFRUH
SURFHVVRUVIRUKLJKSHUIRUPDQFHUHDOWLPHVLPXODWLRQ6RIWZDUHFRPSRQHQWVRIWKHWHVWULJDUH
GLYLGHG LQ WZRJURXSV UHODWHG WR L WKHYHKLFOH G\QDPLFV FRQWUROOHU DQG LL WKHPXOWLERG\
YHKLFOH PRGHO ZLWK D VHW RI HPXODWHG YHKLFOH VXEV\VWHPV 6HYHUDO YHKLFOH VXEV\VWHPV DQG
FRPSRQHQWV OLNH HOHFWULF PRWRU DFWLYH FDPEHU PHFKDQLVPV DQG UHDU DFWLYH VWHHULQJ KDYH
VRIWZDUHUHDOL]DWLRQLQ0$7/$%6LPXOLQNDQGFDQFRPPXQLFDWHZLWKWKHGHVFULEHGKDUGZDUH
VXEV\VWHPV 7KH+,/ WHVW SODWIRUP LQWHUDFWVZLWK WKH ,3*&DU0DNHU VRIWZDUH HQYLURQPHQW
DOORZLQJWKHHPEHGGLQJRIYHKLFOHDQGVXEV\VWHPVLPXODWRUV

7KHIXQFWLRQDOLW\RIWKHSURSRVHGLQWHJUDWHGFRQWUROV\VWHPLVIXUWKHULOOXVWUDWHGZLWKDFRPSOH[
PDQRHXYUHRIWKHWUDMHFWRU\IROORZLQJLQDFFRUGDQFHZLWKWKHSUHGHILQHGVWHHULQJDQJOHLQSXW
DVLWLVVKRZQRQ)LJXUH,QWKHWHVWXQGHUFRQVLGHUDWLRQWKHKDUGZDUHFRPSRQHQWVRIWKH
EUDNHVWKHVWHHULQJDQGWKHW\UHSUHVVXUHFRQWUROV\VWHPZHUHLQVWDOOHGRQWKH+,/WHVWULJDQG
RSHUDWLRQ G\QDPLFV RI HOHFWULF PRWRUV DQG DFWLYH FDPEHU DQJOH VXEV\VWHP KDG D VRIWZDUH
UHDOL]DWLRQ $QDO\VLV RI UHVXOWV REWDLQHG IRU DQ LQLWLDO YHORFLW\ !  NPK DQG PD[LPXP
VWHHULQJDPSOLWXGHGHJKDVFRQILUPHGWKDW WKHGHYHORSHGFRQWUROV\VWHPGHPRQVWUDWHV
JRRGWUDFNLQJRIUHIHUHQFH\DZUDWHZLWK506(EHORZGHJV7KHYHKLFOHVLGHVOLSDQJOH
GRHVQRWH[FHHGGHJ7KHFKRVHQFRQWURODOORFDWLRQVWUDWHJ\DOVRDOORZHGRSWLPL]LQJHQHUJ\
FRQVXPSWLRQRIHOHFWULFPRWRUVDQGNHHSLQJWKHW\UHGLVVLSDWLRQRQWKHORZOHYHO

$VGLIIHUHQWLDWHGIURPWKHH[DPSOHVKRZQLQVHFWLRQWKLVLQWHJUDWHGFRQWUROOHUPDQDJHV
VLPXOWDQHRXVRSHUDWLRQRIFRQVLGHUDEOHQXPEHURIDFWLYHVXEV\VWHPV$VDUHVXOWWKHYHKLFOH
G\QDPLFVFDQEHHIILFLHQWO\RSWLPL]HGQRWRQO\IURPYLHZSRLQWRIVDIHW\DQGSHUIRUPDQFHEXW
DOVR ZLWK WDNLQJ LQWR DFFRXQW ULGH FRPIRUW GULYHDELOLW\ DQG RWKHU YHKLFOH SURSHUWLHV 7KLV
DSSURDFK LVEHLQJDGYDQFHGQRZDW7HFKQLVFKH8QLYHUVLWlW ,OPHQDXIRUPRGHUQFRQFHSWVRI
FRQYHQWLRQDO DQG HOHFWULF YHKLFOHVZLWK WKH XVH RI QRYHO;LQWKHORRS WHVWLQJ WHFKQRORJLHV
>@>@

$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV

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$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

&KDSWHU6XPPDU\

7KHSUHVHQWHGFKDSWHUJDYHDQRYHUYLHZRILQWHJUDWHGYHKLFOHG\QDPLFVFRQWUROWHFKQRORJLHVDV
YHU\LPSRUWDQWHOHPHQWVIRUWKHGHYHORSPHQWRIDGYDQFHGDFWLYHVDIHW\V\VWHPV ,WVKRXOGEH
QRWHGWKDWWZRNH\IDFWRUVGHWHUPLQHWKHIDFWWKDWWKHLQWHJUDWHGDFWLYHVDIHW\FRQWUROUHFHLYHV
UHFHQWO\ PRUH DQG PRUH DWWHQWLRQ IRU DXWRPRWLYH FRQWURO HQJLQHHULQJ 7KH ILUVW IDFWRU LV
FRQQHFWHGZLWKGLIIHUHQWFRQFHSWVRIDFWLYHZKHHOFRUQHUV6XFKFRQFHSWVLPSO\WKHLQGLYLGXDO
LQWHJUDWLRQRIVXEV\VWHPVHJEUDNHPRWRUDFWLYHVXVSHQVLRQDFWLYHFDPEHUFRQWUROHWFIRU
HDFKZKHHO+HQFHWKHPRGXODUZKHHOUHODWHGLQWHJUDWHGDFWLYHVDIHW\FRQWUROFDQEHUHDOL]HG
7KHVHFRQGIDFWRULVFRQQHFWHGZLWKLQWHQVLYHGHYHORSPHQWRIIXOO\HOHFWULFYHKLFOHVHVSHFLDOO\
ZLWKLQGLYLGXDOO\FRQWUROOHGHOHFWULFPRWRUV,QVXFKDFDVHWKHHOHFWULFPRWRUEHFRPHVIXQFWLRQV
RIDFWXDWRUIRUWKHWUDFWLRQEUDNLQJDQGSDUWLDOO\ULGHFRQWURODQGLVWKHFRUHHOHPHQWRIWKH
V\VWHPLQWHJUDWLRQ*HQHUDOO\IXOO\HOHFWULFYHKLFOHVFDQRSHQVRPHQHZYDULDQWVRIGHVLJQLQJ
DFWLYHVDIHW\V\VWHPVWKDWZLOOEHGLVFXVVHGLQQH[WFKDSWHU


 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

$&7,9(6$)(7<6<67(06)259(+,&/(6:,7+(/(&75,&
32:(575$,16

,QWURGXFWLRQ

)XOO\ HOHFWULFYHKLFOHVRIIHUQHZFKDOOHQJHVQRW RQO\ IRUSRZHUWUDLQGHVLJQEXW DOVR IRU WKH
FKDVVLVFRQWURODQGDFWLYHVDIHW\V\VWHPV$ORQJVLGHZLWKFRQYHQWLRQDOLPSOHPHQWDWLRQRIWKH
EUDNLQJRUVWDELOLW\FRQWUROVRPHYDULDQWVRIHOHFWULFYHKLFOHDUFKLWHFWXUHSURYLGHRSSRUWXQLW\
IRU QHZ GHVLJQ FRQFHSWV IRU $%6 7& DQG (6& V\VWHPV ,W FDQ EH DUJXHG DV IROORZV $V
FRPSDUHGZLWKFRQYHQWLRQDOYHKLFOHVSURSXOVLRQV\VWHPVRIHOHFWULFYHKLFOHVFDQKDYHYDULRXV
SRZHUWUDLQRSWLRQVGLIIHUHQWLDWHGE\WKHQXPEHURIGULYLQJD[OHVDQGZKHHOVWKHDUUDQJHPHQW
HJFHQWUDOLQZKHHORQERDUGDQGWKHQXPEHURIHOHFWULFPRWRUV6HYHUDOPRVWDSSOLFDEOH
SRZHUWUDLQRSWLRQVDUHGHSLFWHGLQ)LJXUH1HZ$%67&(6&DUFKLWHFWXUHVDUHSDUWLFXODUO\
IHDVLEOHLQWKHFDVHRILQGLYLGXDOO\FRQWUROOHGHOHFWULFPRWRUVDQGKDYHSRWHQWLDOO\WKHIROORZLQJ
EHQHILWVLWKHUHGXFWLRQRUHYHQWKHHOLPLQDWLRQRIWKHLQYROYHPHQWRIFRQYHQWLRQDOIULFWLRQ
EUDNHVLQWRWKHFRQWURORQWKHZKHHOVOLSLLKLJKHUEDQGZLGWKIUHTXHQF\DQGLLLLPSURYHPHQW
RIGULYLQJ FRPIRUW:LWKLQ WKLV FRQWH[W DGYDQWDJHVRI HOHFWULFPRWRU VROXWLRQV DUH WKHKLJK
UHVSRQVHWLPHRUGHURIPLOOLVHFRQGVDQGWKHSRVVLELOLW\RIGXDOGLUHFWFRQWUROHLWKHUE\VSHHG
RUWRUTXHLQFUHDVLQJWKHIOH[LELOLW\RIWKHFRQWURORISLWFKSODQHYHKLFOHG\QDPLFV>@


)LJXUH3RZHUWUDLQDUFKLWHFWXUHRIIXOO\HOHFWULFYHKLFOHV
&0FHQWUDOPRWRU2%0RQERDUGPRWRU,:0LQZKHHOPRWRU*JHDUER['GLIIHUHQWLDOJHDU
9DULDQWVDGLUHFWFHQWUDOEFHQWUDOZLWKWUDQVPLVVLRQFRQERDUGZLWKRUZLWKRXWWUDQVPLVVLRQH
LQZKHHO9DULDQWVFDQGGFDQKDYHWZRDQGIRXUZKHHOGULYHLPSOHPHQWDWLRQ
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

5HFHQWO\GHYHORSHGWHFKQRORJLHVZKLFKDUHUHDG\IRULPSOHPHQWDWLRQLQPDVVSURGXFWLRQFDUV
GHPRQVWUDWHWKHSRWHQWLDORIDFWLYHVDIHW\V\VWHPVZLWKLQGLYLGXDOO\FRQWUROOHGHOHFWULFPRWRUV
,QSDUWLFXODUWKHZRUN>@LQGLFDWHVWKDWDSXUHO\HOHFWULF$%6FDQUHGXFHWKHEUDNLQJGLVWDQFH
XSWRRQLFHURDGDVFRPSDUHGZLWKDFRQYHQWLRQDOK\GUDXOLF$%6,WVKRXOGEHQRWHGWKDW
PRVWRIWKHNQRZQLQGXVWULDOVROXWLRQVIRUDFWLYHVDIHW\V\VWHPVIRUIXOO\HOHFWULFYHKLFOHVDUH
H[LVWLQJQRZRQWKHFRQFHSWXDOVWDJH%XWVRPHH[SHULPHQWDOUHVXOWVOLNHVWXGLHVRI7R\RWDDQG
6LHPHQV SUHVHQWHG LQ >@ >@ >@ >@ DOORZ WR HPSKDVL]H D QXPEHU RI VSHFLILF
IHDWXUHV OLVWHG EHORZ ZKLFK FDQQRW EH SUDFWLFDOO\ UHDOL]HG RQ FRQYHQWLRQDO YHKLFOHV ZLWK
LQWHUQDOFRPEXVWLRQHQJLQHVK\EULGHOHFWULFYHKLFOHVRUHOHFWULFYHKLFOHVZLWKFHQWUDOPRWRUV
x 7KHLQGLYLGXDOFRQWURORIWKHHOHFWULFPRWRUVDOORZVFRQWLQXRXVUHJXODWLRQRIEUDNLQJ
GULYLQJZKHHO WRUTXHVDQGDVFRQVHTXHQFH WKHEUDNLQJDQGWUDFWLRQG\QDPLFVRIWKH
YHKLFOHFDQEHFRQWUROOHGVHDPOHVVO\XQGHUDOOSRVVLEOHGULYLQJFRQGLWLRQVDQGGRHVQRW
KDYH WR EH UHVWULFWHG WR HPHUJHQF\ FRQGLWLRQV RQO\ DV LV FXUUHQWO\ HPSOR\HG ZLWK
FRQYHQWLRQDODFWLYHVDIHW\V\VWHPV
x 7KH$%67&(6&SHUIRUPDQFHRIIXOOHOHFWULFYHKLFOHVFDQEHHQKDQFHGGXHWRKLJKHU
IUHTXHQF\DERYH+]RIZKHHOWRUTXHPRGXODWLRQDVFRPSDUHGZLWKFRQYHQWLRQDO
$%67&(6&KDYLQJDYHUDJHRSHUDWLRQDOIUHTXHQF\XSWRPD[+]
x ,QZKHHODQGRQERDUGPRWRUVDV$%67&DFWXDWRUVKDYHVLJQLILFDQWO\ORZHUDFWXDWLRQ
GHOD\DVFRPSDUHG IRU LQVWDQFHZLWK WKH IULFWLRQEUDNHV IRU$%6RU WKHPHFKDQLFDO
GULYHOLQHIRU7&,WRSHQVWKHZD\IRUUHGXFWLRQRIWKHVOLSRVFLOODWLRQVWKDWLVEHQHILFLDO
QRWRQO\IRUVDIHW\EXWDOVRIRUGULYLQJFRPIRUW
x $V IRU EUDNLQJ PRGH WKH LQWHJUDWLRQ RI $%6 RU (6& IXQFWLRQV DQG LQGLYLGXDOO\
FRQWUROOHGUHJHQHUDWLYHEUDNLQJIRUHDFKZKHHOJLYHVHIIHFWLQVLPXOWDQHRXVHQVXULQJWKH
YHKLFOHVDIHW\DQGRSWLPL]DWLRQRISRZHUFRQVXPSWLRQ

,W VKRXOG EH QRWHG WKDW (6& RU 79 VWUDWHJLHV IRU IXOO HOHFWULF YHKLFOHV ZLWK LQGLYLGXDOO\
FRQWUROOHGPRWRUVDUHYHU\VLPLODUZLWKFRUUHVSRQGLQJVROXWLRQVIRUQRQHOHFWULFYHKLFOHV>@
>@>@+RZHYHUWKHXVHRIHOHFWULFPRWRUVDVDFWXDWRUVDOORZVWRSURSRVHDFUXFLDOO\QHZ
$%6DQG7&GHVLJQYDULDQWV:LWKLQWKLVFRQWH[WQH[WVHFWLRQVZLOOJLYHDQRYHUYLHZRIFRQWURO
WHFKQLTXHVZKLFKFDQEHDSSOLHGWRDFWLYHVDIHW\V\VWHPDUFKLWHFWXUHRIIXOO\HOHFWULFYHKLFOHV
ZLWKVSHFLDODWWHQWLRQJLYHQWRWKHZKHHOVOLSFRQWURO
 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

7UDFWLRQ&RQWUROIRU9HKLFOHVZLWK(OHFWULF3RZHUWUDLQV

7KHILUVWUHVHDUFKVWXGLHVZKLFKZHUHVXEMHFWHGWRWKH7&PHWKRGVIRUIXOOHOHFWULFYHKLFOHVDQG
KDYH SUHVHQWHG UHVXOWV REWDLQHG IURP YDOLGDWLRQ RQ UHDO FDUV DUH GDWHG RI ODWH V
6SHFLILFDOO\WKHYDULDQWRI7&V\VWHPXVLQJIX]]\FRQWUROKDVEHHQLQWURGXFHGE\<RVKLPXUD
HWDOLQ>@IRUDQDOOZKHHOGULYHHOHFWULFYHKLFOH7KHYDULDQWRIPRGHOIROORZLQJWUDFWLRQ
FRQWURO KDV EHHQ ODWHU LQWURGXFHG E\+RUL 7R\RGD DQG 7VXUXRND LQ >@ 7& V\VWHPV IRU
HOHFWULFYHKLFOHVFDQEHFRQGLWLRQDOO\FODVVLILHGE\WKHWRUTXHEDVHGDQGVOLSEDVHGFRQWUROOHUV
7KLVVHSDUDWLRQVSHFLILHVWKHWDUJHWFRQWUROSDUDPHWHURI7&V\VWHPVWKHZKHHOPRWRUWRUTXH
RUWKHZKHHOVOLS%RWKFRQWUROOHUYDULDQWVDUHFORVHO\UHODWHGEXWFDQXVHGLIIHUHQWORJLFDQG
DUFKLWHFWXUH

7RUTXHEDVHGFRQWUROOHUV$VLPSOHYDULDQWRIWRUTXHEDVHGFRQWUROOHUIRUWKHWUDFWLRQPRGHLV
SURSRVHGLQWKHZRUN>@)LJXUH7KHFRQWUROOHUORJLFKDVDQDVVXPSWLRQWKDWWKHZKHHO
VNLGGLQJFDQEHGHWHFWHGE\DQDEUXSWGURSLQWKHHVWLPDWHGZKHHOLQHUWLD7KLVHIIHFWFDQEH
WUDFHGWKURXJKWKHHVWLPDWLRQRIWKHWUDQVIHUIXQFWLRQIURPWKHPRWRURXWSXW7HPWRWKHZKHHO
YHORFLW\9Z

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
)LJXUH0RGHOEDVHGWUDFWLRQFRQWUROOHUDGDSWHGIURP>@
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
7KH QRPLQDO PRGHO FDQ DOVR WDNH LQWR DFFRXQW WKH EDFN HOHFWURPRWLYH IRUFH (0)
FKDUDFWHULVWLFVRI WKHWUDFWLRQPRWRUV7KLVFRQWUROOHUZDVVXEMHFWHGWR WKHWHVWVRQWKHPLQL
VL]HG YHKLFOH IXOO ZHLJKW RI  NJZLWK WKH UHDU ZKHHO GULYH WZR LQGLYLGXDO SHUPDQHQW
PDJQHWV\QFKURQRXVPRWRUVDQGGHPRQVWUDWHGDQLPSURYHPHQWRIDFFHOHUDWLRQG\QDPLFV
NPKYHUVXVNPKLQVHFIRUWKHFRQWUROOHGDFFHOHUDWLRQDVFRPSDUHGWRWKHQRQFRQWUROOHG
DFFHOHUDWLRQ+RZHYHUWKHGLVFXVVHGVWXG\FRQILUPHGWKLVHIIHFWIRUORZYHORFLWLHVRQO\

$VHULHVRIVWXGLHVGHYHORSHGWKHWRUTXHFRQWUROOHUXVLQJHVWLPDWHVRIWKHIULFWLRQVOLSGHULYDWLYH
GGODVVXPLQJWKDWWKLVJUDGLHQWSDUDPHWHUFDQEHXVHGIRUDGDSWDWLQJWKHFRQWUROSURFHVVWR
FKDQJHVLQWKHURDGVXUIDFHIULFWLRQ)RUH[DPSOHWKHVWXG\>@LQWURGXFHGDPHWKRGLQZKLFK
WKHDGKHUHQFHJUDGLHQWFRQWUROOHU)LJXUHGHILQHVWKHHOHFWULFPRWRUWRUTXHGHPDQG7HPWR
EHUHDOL]HGIRUWKHREVHUYHGJUDGLHQWGGO7ZRPHWKRGVIX]]\FRQWURODQGVOLGLQJPRGH
FRQWURODUHSURSRVHGLQ>@IRUWKHFRQWUROORJLF,QWKHFDVHRIWKHIX]]\FRQWUROOHUWKHLQSXW
YDULDEOHVDUHWKHSRVLWLRQRIWKHDFFHOHUDWLRQSHGDODQGWKHIULFWLRQVOLSJUDGLHQWDQGWKHRXWSXW
YDULDEOHLVWKHGHPDQG7HP)RUWKHVOLGLQJPRGHFRQWUROOHUWKHV\VWHPDFWVLQGLVFRQWLQXRXV
FRQWURODFFRUGLQJWRWKHGHVLUHGVOLGLQJPDQLIROGRIWKHJUDGLHQW

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

)LJXUH$GKHUHQFHJUDGLHQWFRQWUROOHUDGDSWHGIURP>@

7KLV V\VWHPKDVEHHQYDOLGDWHGYLD WHVWEHQFKH[SHULPHQWVRI WKHZKHHO WRUTXHFRQWURORID
VLQJOHZKHHO %RWK IX]]\ DQG VOLGLQJPRGH FRQWURO VKRZHG FRPSDUDEOH SHUIRUPDQFH DQG D
VDWLVIDFWRU\UHVSRQVHWRDQDEUXSWFKDQJHLQWKHZKHHOVOLSFRQGLWLRQV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa
6HYHUDO RWKHU VWXGLHV LQYHVWLJDWHG WKH VFHQDULR LQ ZKLFK WKH 7& V\VWHP LV VHW XS ZLWKRXW
LQIRUPDWLRQUHODWHGWRWKHYHKLFOHYHORFLW\7KLVRPLVVLRQFDQSRWHQWLDOO\VLPSOLI\WKHFRQWUROOHU
VWUXFWXUH DQG UHGXFH WKH FRPSXWDWLRQDO GHPDQG  ([DPSOHV RI VXFK V\VWHPV DUH GLVFXVVHG
EHORZ

$PHWKRGFDOOHG0D[LPXP7UDQVPLVVLEOH7RUTXH(VWLPDWLRQ077(KDVEHHQGHYHORSHGLQ
>@>@7KLVPHWKRGKDVEHHQUHDOL]HGLQWKHFRQWUROOHUZLWKWKHEDVLFVWUXFWXUHGHSLFWHG
LQ)LJXUH7KHFRQWUROOHUKDVWKHWDVNWRUHDOL]HDPD[LPXPWUDQVPLVVLEOHWRUTXH7PD[YDULDEOH
GHILQHGDV

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

7KHUDWLRG9[GWG9ZGWLQ(TLVFDOOHGWKHUHOD[DWLRQIDFWRURI077(



)LJXUH%DVLF077(FRQWUROOHUUHHGLWHGIURP>@

$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

7KHWRUTXH7PD[LVUHTXLUHGWRIRUPXODWHGHPDQGHGZKHHOWRUTXH7ZGULYHQE\WKHHOHFWULFPRWRU
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
7KHVWUXFWXUHRI)LJXUH UHTXLUHVDVDWXUDWLRQ OLPLWHU WRFRQVWUDLQ WKHZKHHO WRUTXHE\ WKH
7PD[YDOXH7KHORQJLWXGLQDOW\UHIRUFH)[ZKLFKKDVWKHUROHRIDGLVWXUEDQFHLVFRPSXWHGE\
DQRSHQORRSIRUFHHVWLPDWRUZLWKWZRSUHFHGLQJORZSDVVILOWHUVVPRRWKLQJWKHQRLVHVIURP7Z
DQG9ZVLJQDOV6LQFHWKHEDVLFDSSURDFKLVVHQVLWLYHWRZKHHOWRUTXHGLVWXUEDQFHVFDXVHGE\
WKHZKHHOLQHUWLDDGYDQFHGYDULDQWVRIWKH077(FRQWUROOHULQFOXGHDFORVHGORRSREVHUYHUDV
VKRZQLQ)LJXUH7KLVVROXWLRQUHDOL]HGDVD3,GLVWXUEDQFHREVHUYHUDLPVDWLHOLPLQDWLRQ
RILQDFFXUDFLHVRIWKHYHKLFOHDQGW\UHPRGHOVDQGLLUHGXFLQJVHQVLWLYLW\RIWKHSHUIRUPDQFH
WRYDULDWLRQVLQWKHZKHHOLQHUWLD,QWKHFDVHRIGLUHFWFXUUHQWPRWRUVDQDGGLWLRQDOHIIHFWFDQ
EHH[SHFWHGLQWKHHOLPLQDWLRQRIGLVWXUEDQFHVFDXVHGE\WKHGLUHFWFXUUHQWGURS



)LJXUH0RGLILHG077(FRQWUROOHUDGDSWHGIURP>@

7KHWHVWLQJUHVXOWVRIWKH077(FRQWUROOHUFRUUHVSRQGLQJWR)LJXUHKDYHEHHQLQWURGXFHGLQ
>@IRUWKHH[SHULPHQWDOUHDUZKHHOGULYHYHKLFOHWRWDOPDVVNJW\UHUDGLXVPP
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7KH YHKLFOH ZDV HTXLSSHG ZLWK WZR LQGHSHQGHQW LQWHULRU SHUPDQHQW PDJQHW V\QFKURQRXV
PRWRUVRQ UHDUZKHHOV PD[LPXPSRZHUN:PD[LPXP WRUTXH1P7KH WHVWVZHUH
FDUULHGRXWDWDYHU\ORZGULYLQJYHORFLW\XSWRPVRQDVOLSSHU\VXUIDFHZHWDFU\OLFSODWH
ZLWKDQLQHUWLDRIZKHHOLQHUWLDIURPWRNJP7KHUHVXOWVFRQILUPWKDWWKHSURSRVHG
FRQWUROOHU FRQVLGHUDEO\ UHGXFHV WKHZKHHO VOLS IRU WKH JLYHQ WHVWLQJ FRQGLWLRQV DQG LV IDXOW
WROHUDQWWRZKHHOLQHUWLDGLVWXUEDQFHV

6OLSEDVHGFRQWUROOHUV2QHRIWKHPRVWFULWLFDOSUREOHPVUHODWHGWRWKHGHYHORSPHQWRIWKHVOLS
EDVHG FRQWUROOHUV LV WKH HVWLPDWLRQ RI YHKLFOH YHORFLW\ ,W LV HVSHFLDOO\ UHOHYDQW IRU HOHFWULF
YHKLFOHV ZLWK LQGLYLGXDOO\FRQWUROOHG PRWRUV ,Q WKLV FDVH WUDGLWLRQDO PHWKRGV RI YHKLFOH
YHORFLW\FDOFXODWLRQYLDWKHZKHHOVSHHGDQGZKHHOUDGLXVDUHQRWDSSOLFDEOH7KLVFKDOOHQJH
PRWLYDWHGDQXPEHURIVWXGLHVLQZKLFKVOLSFRQWUROOHUVGRQRWXVHGLUHFWO\WKHYHKLFOHYHORFLW\
2QHRIWKHUHOHYDQWDSSURDFKHVLVGHVFULEHGLQ>@)LJXUHGLVSOD\VYDULDQWVRIWKHVOLSUDWLR
REVHUYHUWKHVOLSUDWLRHVWLPDWRUDQGWKHVOLSFRQWUROOHU7KHVWUXFWXUHVRIWKHVOLSUDWLRREVHUYHU
DQGHVWLPDWRUGLIIHUE\WKHLQFOXVLRQRIWKHORQJLWXGLQDOYHKLFOHDFFHOHUDWLRQD[LQWKHREVHUYHU

D E

F

)LJXUH6OLSUDWLRREVHUYHUDVOLSUDWLRHVWLPDWRUEDQGVOLSFRQWUROOHUFZLWKRXWGHWHFWLRQRI
YHKLFOHYHORFLW\UHHGLWHGIURP>@

7KHHVWLPDWRUIROORZVWKHHTXDWLRQ

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8VLQJ(TDFRQFOXVLRQFDQEHPDGHWKDWWKHHVWLPDWLRQHUURUHWKDVDQRIIVHWZKHQHYHU
GZGWVLQFH

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

&RPSHQVDWLRQRIWKLVRIIVHWFDQEHLQFOXGHGLQWKHORJLFRIWKHVOLSUDWLRREVHUYHUWKURXJKDWHUP
LQFRUSRUDWLQJWKHORQJLWXGLQDODFFHOHUDWLRQD[DQGURDGIULFWLRQ

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
7KLVREVHUYHUUHDOL]DWLRQZLWKIL[HGSDUDPHWHUL]DWLRQRIWKHFRPSHQVDWLRQWHUPIURP(T
KDV EHHQ UHFRPPHQGHG IRU ORZ IULFWLRQ URDG FRQGLWLRQV >@ 7KH REVHUYHU DQG HVWLPDWRU
VWUXFWXUHVDUHLQWHJUDWHGLQWRWKHVOLSUDWLRFRQWUROOHU7KHJHQHULFVWUXFWXUHRIWKHFRQWUROOHULV
JLYHQLQ)LJXUHFDQGLVEDVHGRQQRQOLQHDUFRPSHQVDWLRQZLWKIHHGEDFN7KHUHVXOWVRIWKH
H[SHULPHQWV FDUULHG RXW IRU VPDOOVL]HG HOHFWULF YHKLFOHV  NJPDVV ILWWHG ZLWK HOHFWULF
PRWRUVRIPD[LPXPSRZHUN:DQGPD[LPXPWRUTXH1PKDYHVKRZQWKHDSSOLFDELOLW\
RIWKHFRQWUROOHULQWKHFDVHRIUHODWLYHKLJKOHYHOVRIUHIHUHQFHVOLSUDWLRO 

$QRWKHUFRQWUROYDULDQWLVLQWURGXFHGLQ>@ZKHUHWKHEDFNHOHFWURPRWLYHIRUFH(0)LV
XVHGWRHVWLPDWHWKHPRWRUVSHHGZKHHOYHORFLW\IRUDQHOHFWULFYHKLFOHHTXLSSHGZLWKEUXVKOHVV
GLUHFWFXUUHQWPRWRUV7KHFRQWUROOHULVEDVHGRQDSURSRUWLRQDOUHODWLRQVKLSEHWZHHQWKHEDFN
(0)9HPIDQGWKHPRWRUVSHHGZDVIROORZV

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
ZKHUH&( LV WKHEDFNPRWRU(0)FRQVWDQWGHWHUPLQHGE\WKHGHVLJQ)LJXUHVKRZVWKH
DUFKLWHFWXUHRIWKHFRQWUROOHU$VHQVLEOHFRPSRQHQWRILWVGHVLJQLVGHILQLWLRQRIWKHJDLQ.IRU
WKHWUDQVIHUIXQFWLRQEHWZHHQWKHLQSXWDQGRXWSXWFXUUHQWVL+DQGLG

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
)LJXUH6OLSFRQWUROOHUZLWKEDFNHOHFWURPRWLYHIRUFHDGDSWHGIURP>@

&HUWDLQHOHFWULFYHKLFOHVFRQILJXUDWLRQVUHTXLUHDGYDQFHGFRQWUROVWUXFWXUHVGXHWRWKHVSHFLILF
SRZHUWUDLQDUFKLWHFWXUHVHPSOR\HG6SHFLILFDOO\7&IRUWKHSRZHUWUDLQOD\RXWZLWKRQERDUG
PRWRUVFRQQHFWHGWRWKHZKHHOWKURXJKWKHKDOIVKDIWDQGWKHJHDUER[UHTXLUHVFRPSHQVDWLRQRI
WKHKDOIVKDIWWRUVLRQDOG\QDPLFVKDYLQJDQHJDWLYHLQIOXHQFHRQGULYHDELOLW\$QDSSURSULDWH
YDULDQWRIWKHVOLSFRQWUROOHULVSURSRVHGLQ>@)LJXUH



)LJXUH/LQHDUL]HGWUDFWLRQFRQWUROOHUUHHGLWHGIURP>@,QGLFHVUHIUHIHUHQFH7&
WUDFWLRQFRQWUROKVKDOIVKDIW

7KH FRQWURO DUFKLWHFWXUH UHDOL]HV GLUHFW VOLS FRQWURO WKURXJK D 3,' FRQWUROOHU .3,'7&  WKDW
FRPSXWHVWKHHOHFWULFPRWRUWRUTXHGHPDQG7HP7KHVHFRQG3,'FRQWUROOHU.3,'KVLVLQFOXGHG
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
WRFDUU\RXWIHHGEDFNFRPSHQVDWLRQRIWKHKDOIVKDIWWRUTXHG\QDPLFV7KV7KHKDOIVKDIWWRUTXH
OHYHOLQWKHFRQWUROOHULVHVWLPDWHGE\DQH[WHQGHG.DOPDQILOWHUEDVHGRQWKHQRQOLQHDUHOHFWULF
SRZHUWUDLQPRGHO6LPXODWLRQUHVXOWVRIWKHGHVFULEHGFRQILJXUDWLRQLQWKHYHORFLW\UDQJHWR
NPKFRQILUP WKDWRVFLOODWLRQV LQ WKHYHKLFOH DFFHOHUDWLRQSURILOHFDXVHGE\ WKH WRUVLRQDO
G\QDPLFVDUHVPRRWKHGXVLQJWKLVDSSURDFK7KHV\VWHPDOVRDFKLHYHGDWUDFNLQJFDSDELOLW\±
G%RIFORVHGORRSUHVSRQVHXSWRDIUHTXHQF\RIDERXW+],WVKRXOGEHPHQWLRQHGWKDW
WKHGHVFULEHGPHWKRGUHTXLUHVIXUWKHUGHYHORSPHQWIRUWKHFRPSHQVDWLRQRIKDOIVKDIWWRUVLRQDO
G\QDPLFVLQWKHFDVHRIHOHFWULFPRWRURSHUDWLRQLQEUDNLQJPRGH


7KHSUHVHQWHGRYHUYLHZRIWKH7&V\VWHPYDULDQWVIRUIXOO\HOHFWULFYHKLFOHVUHYHDOVDGLYHUVH
UDQJHRIDSSURDFKHV WRZKHHO WRUTXHDQGZKHHOYHORFLW\FRQWURO WR LPSURYHYHKLFOH WUDFWLRQ
G\QDPLFV,QDGGLWLRQWRWKHVWXGLHVLQYHVWLJDWLQJGLIIHUHQWYDULDQWVRIWUDFWLRQFRQWUROOHUVDQG
7&DUFKLWHFWXUHDQXPEHURIVSHFLILFSUREOHPVRI7&IRUIXOOHOHFWULFYHKLFOHVFDQEHIRXQGLQ
SXEOLFDWLRQV7KHVHSUREOHPVDGGUHVVLQSDUWLFXODU
x ,QWHJUDWLRQRI7&ZLWKFKDVVLVV\VWHPVDVDFWLYHVWHHULQJ>@>@
x ,QWHUQDO FRQWUROOHUV RI HOHFWULF PRWRUV ZLWK VSHFLDO DWWHQWLRQ WR 7& PRGH IDLOVDIH
FRQWURO>@>@>@
x 19+DQGDFWLYHYLEUDWLRQFRQWURORIPRWRUV>@>@

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
$QWL/RFN%UDNLQJ6\VWHPVIRU9HKLFOHVZLWK(OHFWULF
3RZHUWUDLQV

0DQ\SXEOLVKHGVWXGLHVLQWKHEUDNLQJFRQWURORIHOHFWULFYHKLFOHVDGGUHVVSULPDULO\DGRSWLRQ
RIFRQYHQWLRQDOK\GUDXOLFHOHFWURK\GUDXOLF$%67KHUHVHDUFKSUREOHPVRI$%6PRGXODWLRQ
WKURXJKSXUHRSHUDWLRQRIHOHFWULFPRWRUVDUHUDUHO\H[SORUHGLQWKLVUHJDUG6HYHUDOLPSRUWDQW
ZRUNVGLVFXVVLQJGHVLJQRIHOHFWULF$%6DUHUHFHQWO\SXEOLVKHGE\UHVHDUFKHUVRI6LHPHQVDQG
7R\RWD>@>@>@5HOHYDQWVROXWLRQVFDQEHDOVRIRXQGLQSDWHQWGRFXPHQWVOLNH>@
>@+RZHYHUGHWDLOHGPHWKRGRORJLFDODQDO\VLVRI$%6VWUDWHJLHVIRUIXOOHOHFWULFYHKLFOHV
ZLWKLQGLYLGXDOO\FRQWUROOHGZKHHOVPRWRUVLVVWLOOPLVVLQJLQUHVHDUFKOLWHUDWXUH



)LJXUH&RPSRVLWH$%6FRQWUROOHUDGDSWHGIURP>@

6WULFWYHKLFOHVDIHW\UHTXLUHPHQWVGHILQHWKDWWKHHOHFWULFYHKLFOHVKRXOGKDYHVLPXOWDQHRXVO\
ERWK IULFWLRQ DQG PRWRU EUDNHV 7KH $%6 DUFKLWHFWXUH LQ WKLV FDVH FDQ KDYH D EOHQGHG
LPSOHPHQWDWLRQ>@>@6LPSOHYDULDQWVRIWKHEOHQGLQJEHWZHHQWZRDFWXDWLQJVXEV\VWHPV
IULFWLRQEUDNHVDQGHOHFWULFPRWRUVFDQEHGHYHORSHGXVLQJUXOHEDVHGFRQWUROOHUV2QHVXFK
$%6YDULDQWLVLQWURGXFHGLQ>@DVDSSOLHGWRDQHOHFWULFYHKLFOHZLWKIRXULQZKHHOPRWRUV
7KH$%6DUFKLWHFWXUHSUHVHQWHG LQ)LJXUH FRQVLVWV RI HOHFWULF DQGK\GUDXOLFSDUWV7KHLU
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

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DFWXDWLRQLVJRYHUQHGE\DVHWRIUXOHVWKDWRSHUDWHZLWKVOLSWKUHVKROGVODQGODQGIRXUOHYHOV
RIVSHFLILFYHKLFOHGHFHOHUDWLRQ]7KHVOLSWKUHVKROGVDVVLJQWKH$%6RSHUDWLRQPRGHZKLFKLV
HLWKHUVOLSUDWLRFRQWUROEUDNHWRUTXHUHGXFWLRQRUDFFHOHUDWLRQFRQWUROEUDNHWRUTXHLQFUHDVH
)RXU]OHYHOVGHWHUPLQHWKHWUDQVLWLRQEHWZHHQWKHHOHFWULFDQGK\GUDXOLF$%6DFWXDWLRQDVZHOO
DVWKHUHTXLUHGEUDNHWRUTXHUDWH$FFRUGLQJWRWKHSURSRVHGFRQWUROORJLFSXUHHOHFWULF$%6
DFWXDWLRQDWORZWRUTXHUDWHLVXVHGIRUORZIULFWLRQURDGVXUIDFHV]$WKLJKGHFHOHUDWLRQ
OHYHO ]! SXUHO\ K\GUDXOLF $%6 DFWXDWLRQ LV DSSOLHG %RWK HOHFWULF DQG K\GUDXOLF
VXEV\VWHPV DUH VLPXOWDQHRXVO\ RSHUDWHGZKHQ EUDNLQJ G\QDPLFV LV VLWXDWHG DW LQWHUPHGLDWH
GHFHOHUDWLRQOHYHOV

7KHUXOHEDVHGORJLFFRXOGKDYHDGYDQWDJHVIURPWKHYLHZSRLQWRISUDFWLFDO$%6UHDOL]DWLRQ
+RZHYHUUHVXOWVRIH[WHQVLYHWHVWLQJDQGYDOLGDWLQJWKHUREXVWQHVVRIWKLVDSSURDFKIRUIXOO\
HOHFWULFYHKLFOHVXQGHUGLIIHUHQWYHKLFOHPDQRHXYUHVDUHQRWVXIILFLHQWO\SUHVHQWHGLQSXEOLVKHG
UHVHDUFKOLWHUDWXUH

$VLGH IURP WKH VWXGLHV IRFXVHG RQ WKH EOHQGHG$%6 RSHUDWLRQ D QXPEHU RI LQYHVWLJDWLRQV
FRQFHUQWKHLPSOHPHQWDWLRQRIHOHFWULFPRWRUFRQWUROIRUEUDNLQJ)RUH[DPSOHWKHZRUN>@
LQWURGXFHVDPHWKRGRIGHWHUPLQLQJWKHYHKLFOHYHORFLW\DQGWKHZKHHOVOLSIRUHOHFWULF$%6
EDVHGRQLWHUDWLYHOHDUQLQJ)LJXUH7KHSURSRVHGOHDUQLQJSURFHVVLVEDVHGRQHVWLPDWLRQRI
WKHHUURUEHWZHHQWKHUHIHUHQFHVOLSUDWLROUHIWDQGWKHDFWXDOVOLSUDWLROW

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

7KHHUURULVXVHGLQ3'DOJRULWKP)LJXUHEZLWKWKHLQSXWFDOFXODWHGDV

        NN N S NGH WX W X W H WGW  * *   

ZKHUH*DQG*SDUHOHDUQLQJJDLQPDWUL[HV)LJXUHFJLYHVDQH[DPSOHRIOHDUQLQJSURFHGXUH
DVDSSOLHGWRWKHVOLSUDWLRODQGGHPDQGHGHOHFWULFPRWRUWRUTXH7HPBG7KLVSURFHGXUHLVXVHG
LQWKHFRQWUROODZIRUHOHFWULFPRWRU

               HP G7 W E 9 W E W E H W E H W 9 WO          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
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV

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
ZKHUHWKHFRQVWDQWVELDUHGHGXFHGIURPWKHFXUYHILWWLQJRIWKHWRUTXHGHPDQGRQWKHDSSRLQWHG
OHDUQLQJ VWHS WKHZRUN >@ FRQVLGHUHG ILYH OHDUQLQJ VWHSV7KH VLPXODWLRQ UHVXOWV RI WKH
GLVFXVVHG $%6 FRQWUROOHU FRQILUPHG LWV IXQFWLRQDOLW\ IRU GLIIHUHQW WHVW FRQGLWLRQV RQ
KRPRJHQHRXV VXUIDFHV +RZHYHU DGGLWLRQDO DVVHVVPHQW RI WKH FRQWUROOHU IXQFWLRQDOLW\ LV
UHTXLUHG IRU VSHFLILF VLWXDWLRQV DV EUDNLQJ RQ D VSOLW VXUIDFH RU RQ D URDG ZLWK VXGGHQ
IOXFWXDWLRQVLQWKHIULFWLRQFRHIILFLHQW



)LJXUH,WHUDWLYHOHDUQLQJ$%6FRQWUROOHUDGDSWHGIURP>@
DFDOFXODWLRQRIYHKLFOHYHORFLW\EJHQHULFVWUXFWXUHRILWHUDWLYHOHDUQLQJFRQWUROOHU
FOHDUQLQJSURFHVVE\GHILQLWLRQRIVOLSUDWLRODQGHOHFWULFPRWRUWRUTXHGHPDQG7HPBG

6RPH UHVXOWVRI LQGXVWULDO LPSOHPHQWDWLRQRI WKH$%6 IRU HOHFWULFYHKLFOHV FDQEH IRXQG LQ
DOUHDG\PHQWLRQHGSXEOLFDWLRQVRI7R\RWDDQG6LHPHQVDQGLQYDULRXVSDWHQWGRFXPHQWV$Q
H[DPSOHRIWKHFRUUHVSRQGLQJFRQWUROORJLFFDQEHIRXQGLQWKHSDWHQWE\7R\RWD>@)LJXUH
+HUHWKHUDWLREHWZHHQWKHIULFWLRQEUDNLQJWRUTXHDQGHOHFWULFPRWRUWRUTXHLQHDFKZKHHO
XQLWLVFRQWLQXRXVO\DOWHUHGGHSHQGLQJRQWKHEDVLFIULFWLRQWRUTXHOHYHOVDQGWKHEDWWHU\VWDWH
RIWKHFKDUJH,QGXVWULDO LPSOHPHQWDWLRQRI$%6DQG7&V\VWHPVIRUIXOOHOHFWULFYHKLFOHVLV
DOVRLQWURGXFHGLQ>@DQG>@)LJXUHVKRZVWKHGHVLJQRIWKHZKHHOXQLWZLWKDQHOHFWULF
PRWRURIWKHWHVWHOHFWULFYHKLFOHRI7R\RWDZLWKWKHIROORZLQJVSHFLILFDWLRQVYHKLFOHPDVV
NJPD[LPXPYHKLFOHYHORFLW\NPKPD[LPXPZKHHOSRZHUN:PD[LPXPZKHHO
WRUTXH1P9HKLFOH WHVWLQJFRQILUPHGDJRRG$%6SHUIRUPDQFH LQ WKHFDVHRIEOHQGHG
DFWXDWLRQRIWKHIULFWLRQEUDNHVDQGHOHFWULFPRWRUV$VFDQEHVHHQIURP)LJXUHWKH$%6
ZLWK LQZKHHOPRWRUV HQVXUHV D KLJKHU DFWXDWLRQ IUHTXHQF\ DV FRPSDUHGZLWK FRQYHQWLRQDO
$%67KHGLVWULEXWLRQRIZKHHOVOLSUDWLRLVDOVRNHSWLQWKHVWDEOHDUHDPDLQO\EHORZWKHOHYHO
RIO 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

D
E

)LJXUH,OOXVWUDWLRQWRSDWHQWGRFXPHQW86D*HQHUDOGLDJUDPRIHOHFWULFPRWRU
WRUTXHEHKDYLRXUEH[DPSOHRILQGLYLGXDOEUDNHFRQWURO

$QRWKHU LQGXVWULDO YDULDQW RI $%6ZLWK HOHFWULF PRWRUV LV GHVFULEHG LQ >@ 7KLV YDULDQW
FRQFHUQVWKHURDGVWHUHOHFWULFYHKLFOHPDVVNJPDQXIDFWXUHGE\5RDGLQJFRPSDQ\DQG
HTXLSSHG ZLWK ZKHHO KXE HOHFWULF PRWRUV SURGXFHG E\ 6LHPHQV )LJXUH  7KH PRWRU
VSHFLILFDWLRQLVDVIROORZVPD[LPXPFRQWLQXRXVWRUTXH1PPD[LPXPSHDNWRUTXHRI
1PFRQWLQXRXVSRZHUN:DQGSHDNSRZHUN:([DPSOHRI$%6EUDNLQJUHVXOWV LV
VKRZQRQ)LJXUH,QDFFRUGDQFHZLWKWKHZRUN>@UHDUHOHFWULFPRWRUVLQDEUDNLQJPRGH
FDQ JXDUDQWHH WKH YHKLFOH GHFHOHUDWLRQ RI  J DW WKH PLQLPXP ,Q WKH FDVH RI KLJKHU
GHFHOHUDWLRQGHPDQGVWKHIURQWIULFWLRQEUDNHVDUHDFWLYDWHG
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa



)LJXUH'HVLJQRIZKHHOXQLWZLWKLQWHJUDWHGHOHFWULFPRWRU>@




)LJXUH5HVXOWVRI$%6EUDNLQJRQORZIULFWLRQURDG >@

,W FDQ EHPHQWLRQHG WKDW JHQHUDOO\ WKHUH DUH YHU\ OLPLWHG QXPEHU RI SDWHQW GRFXPHQWV DQG
SXEOLVKHGLQGXVWULDOZKLWHSDSHUVZKLFKKDYHDGLUHFWUHOHYDQFHWRWKH$%6IXQFWLRQVUHDOL]HG
WKURXJKHOHFWULFPRWRUV,QSDUWLFXODURQO\IHZFRQWURODOJRULWKPVRUPHWKRGVDUHGLVFORVHG
ZKHUH WKH VSHFLILF FKDUDFWHU RI WKH HOHFWULF SRZHUWUDLQ RSHUDWLRQ LV WDNHQ LQWR DFFRXQW E\
GHVLJQLQJWKHVOLSFRQWUROOHUVIRUHOHFWULFYHKLFOHV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa



)LJXUH,QVWDOODWLRQRIZKHHOKXEHOHFWULFPRWRUVRQHOHFWULFURDGVWHUYHKLFOH>@


)LJXUH'LDJUDPVRI$%6EUDNLQJRIHOHFWULFURDGVWHUYHKLFOH>@

0RVWRINQRZQLQGXVWULDOVROXWLRQVDUHH[LVWLQJQRZDOVRRQWKHFRQFHSWXDOVWDJH+RZHYHU
VRPHH[SHULPHQWDOUHVXOWVOLNHLQDERYHPHQWLRQHGVWXGLHVRI7R\RWDDQG6LHPHQVDOORZVWR
DSSRLQWVRPHWDUJHWVWREHXVHGDVWKHILUVWEHQFKPDUNVIRUWKHIXUWKHUGHYHORSPHQWRI$%6IRU
IXOOHOHFWULFYHKLFOHV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

%HVLGHVWKHFRQWUROPHWKRGVDQGFRQWUROOHUDUFKLWHFWXUHVRPHRWKHUUHVHDUFKWRSLFVDUHDOVRRI
SDUWLFXODU UHOHYDQFH WR DQWLORFN EUDNLQJ V\VWHPV IRU IXOO HOHFWULF YHKLFOHV 7KH IROORZLQJ
VXEMHFWVFDQEHHVSHFLDOO\HPSKDVL]HG
x 2SWLPL]DWLRQRI$%6VWUDWHJLHVIRUHOHFWULFYHKLFOHV>@>@
x ,QWHJUDWLRQRI$%6ZLWK(6&DQGDFWLYHFKDVVLVV\VWHPVRIHOHFWULFYHKLFOH>@>@
x )DLOVDIHRSHUDWLRQRIHOHFWULFPRWRUVGXULQJ$%6LQWHUYHQWLRQ>@>@
x 9LEUDWLRQVDQGGDPSLQJPHWKRGVIRUEUDNLQJPRGHRIHOHFWULFPRWRUV>@

,WVKRXOGEHSDUWLFXODUO\QRWHGWKDWWKHDQDO\VLVRISXEOLVKHGUHVHDUFKDQGWHFKQLFDOOLWHUDWXUH
SRLQWV WR WKH OLPLWHG QXPEHU RI VWXGLHV DERXW WKHPHWKRGV RI SXUH HOHFWULF$%6 DFWXDWLRQ
HVSHFLDOO\YDOLGDWHGWKURXJKWKHURDGWHVWV7RJLYHDUHOHYDQWSUDFWLFDOH[DPSOHQH[WVHFWLRQ
LQWURGXFHVDFRUUHVSRQGLQJFDVHVWXG\
 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
&DVH6WXG\:KHHO6OLS&RQWUROOHUIRU)XOO(OHFWULF9HKLFOH

7DUJHWYHKLFOH

7KHUHVXOWVSUHVHQWHGLQWKLVVHFWLRQKDYHEHHQREWDLQHGDW7HFKQLVFKH8QLYHUVLWlW,OPHQDXLQ
FROODERUDWLRQZLWKDQXPEHURILQGXVWULDODQGDFDGHPLFSDUWQHUVZLWKLQWKHIUDPHZRUNRIWKH
(XURSHDQ3URMHFW(9(&7225&(OHFWULF9HKLFOH&RQWURORI,QGLYLGXDO:KHHO7RUTXHIRU
2Q DQG2II5RDG&RQGLWLRQV 7KH DLP RI WKH SUHVHQWHG FDVH VWXG\ LV L WR GHPRQVWUDWH D
SRVVLELOLW\RILQWHJUDWLRQRI7&$%6IXQFWLRQVLQDXQLILHGFRQWUROOHUDQGLLWRSUHVHQWUHVXOWV
RIFRUUHVSRQGLQJ7&$%6RSHUDWLRQWKURXJKSXUHHOHFWULFPRWRUDFWXDWLRQVYDOLGDWHGRQUHDO
YHKLFOHZLWKVHULDOFKDVVLVSODWIRUP7KHPDLQRXWFRPHVRIWKHUHOHYDQW$%67&LQYHVWLJDWLRQV
DUHSXEOLVKHGLQ>@>@>@>@>@>@>@DQGDUHVXEMHFWHGWRWKUHHSDWHQW
DSSOLFDWLRQV


 
 

)LJXUH7HVWYHKLFOH7RSOHIWRYHUDOOYLHZWRSULJKWUHDUD[OHZLWKHOHFWULFPRWRUVERWWRPOHIW
YLHZRQWKHIURQWZKHHOPRXQWLQJERWWRPULJKWYLHZRQEDWWHU\SDFNDQGRQERDUGFRQWURODQG
PHDVXUHPHQWV\VWHP
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
7KHFDVHVWXG\UHIHUVWRVSRUWXWLOLW\HOHFWULFYHKLFOHGHYHORSHGRQWKHEDVLVRI5DQJH5RYHU
(YRTXH)LJXUH7KHPDLQWHFKQLFDOGDWDRIWKHYHKLFOHDUHDVIROORZV
x 7RWDOZHLJKWNJ
x )RXUVZLWFKHGUHOXFWDQFHHOHFWULFPRWRUV3HDNWRUTXHSRZHUVHF1P
N:1RPLQDOWRUTXHSRZHU1PN:0D[LPXPVSHHGP
x 0RWRU WUDQVPLVVLRQ VWDJH UHGXFHUZLWKKHOLFDOJHDUV*HDU UDWLR+DOIVKDIW
WRUVLRQDOVWLIIQHVV1PUDG
x 7\UHV5

)LJXUH$UFKLWHFWXUHRIHOHFWURK\GUDXOLFEUDNHV\VWHP>@



)LJXUH6LPSOLILHGVWUXFWXUHRIYHKLFOHFRQWUROOHUEDVHGRQ>@
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
7KHYHKLFOH LV HTXLSSHGZLWK WKHHOHFWURK\GUDXOLFEUDNHV\VWHPDQG$%6DQG WKHEUDNLQJ
$%6IXQFWLRQVFDQEHDOVRFDUULHGRXWE\HOHFWULFPRWRUV7KHHOHFWURK\GUDXOLFEUDNHV\VWHP
LV EDVHG RQ WKH75:6OLS&RQWURO%RRVW 6&% WHFKQRORJ\ ,WV DUFKLWHFWXUH LV GHSLFWHG RQ
)LJXUH7KHVWUXFWXUHRIYHKLFOHFRQWUROOHULVSUHVHQWHGRQ)LJXUH

,QWHJUDWHG7&$%6FRQWUROOHU

7KHDUFKLWHFWXUHRI7& $%6ZKLFK LV GHYHORSHG IRU WKH WDUJHW YHKLFOH UHDOL]HV WKH JDLQ
VFKHGXOHGSURSRUWLRQDOLQWHJUDOGLUHFWVOLSFRQWUROZLWKIHHGIRUZDUGDQGIHHGEDFNVOLSFRQWURO
SDUWV)LJXUH,QWKH$%6PRGHWKHGULYHUFRQWURODFWLRQ)GULYHUHVWLPDWHGIURPWKHEUDNH
SHGDOWUDYHOLVWKHLQSXWRIEDVHEUDNHFRQWUROOHUJHQHUDWLQJWKHWRUTXHGHPDQG7GHPIRUHDFK
ZKHHOZKLFKLVDGGHGXSZLWKWKHUHDFWLYHWRUTXH7UHDFW7KHUHDFWLYHWRUTXHLVFRPSXWHGE\WKH
UHDFWLYHWRUTXHFRQWUROOHUZKLFKXVHVWKHUHIHUHQFHVOLSUDWLROUHIWKHREVHUYHGVOLSUDWLRODQG
WKHYHKLFOHYHORFLW\9[DVLQSXWSDUDPHWHUV,QWKH7&PRGHWKHWRUTXHGHPDQGLVFRPSXWHGE\
E\SDVVLQJWKHEDVHEUDNHFRQWUROOHU7KHDFWXDWLRQLVUHDOLVHGWKURXJKHOHFWULFPRWRUVRQO\7KH
RWKHUFRPSRQHQWVDQGWKHLUIXQFWLRQVDUHLGHQWLFDOZLWKWKH$%6FRQWUROOHUGHVFULEHGEHIRUH



)LJXUH:KHHOVOLSFRQWUROOHUDUFKLWHFWXUHD$%6PRGHE7&PRGH

7KH JHQHUDWLRQ RI WKH WRUTXH GHPDQG 7GHP LV FDOFXODWHG IURP WKH GULYHU FRQWURO DFWLRQ LQ
SDUWLFXODU IURP WKHEUDNHSHGDO WUDYHO ,Q WKHSUHVHQWHG VWXG\ WKHSUDFWLFDO$%6 UHDOL]DWLRQ
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


aa

LQFOXGHVDGHFRXSOHGHOHFWURK\GUDXOLFEUDNHV\VWHPZLWKWKHHPEHGGHGSHGDOXQLWWKDWLVDEOH
WRSURYLGHWKHFRUUHVSRQGLQJVLJQDORIWKHSHGDOSRVLWLRQ3UHOLPLQDU\WKHYDOXHRI7GHPBSULPLV
SURFHVVHGDVIXQFWLRQRIWKHEUDNHSHGDOWUDYHOWKURXJKDORRNXSWDEOH/877KHQWKLVYDOXH
LVFRUUHFWHG WKURXJK WKHSUHGLFWLYH WRUTXH LQDFFRUGDQFHZLWK WKHURDGFRQGLWLRQV WRSUHYHQW
YHKLFOHXQGHUEUDNLQJRYHUEUDNLQJ7KHSUHGLFWLYHWRUTXHLVGHILQHGDV

 PD[ PD[SUHG ] SUHG ]7  ) U N  ) U  

ZKHUHPD[BHVWLVWKHHVWLPDWHGYDOXHRIPD[LPXPIULFWLRQFRHIILFLHQWIRUJLYHQURDGFRQGLWLRQV
)] LV WKH HVWLPDWHG QRUPDO ZKHHO ORDG U LV WKH WLUH UROOLQJ UDGLXV NSUHG LV WKH FRUUHFWLRQ
FRHIILFLHQW,WLVGHWHUPLQHGIRUWKHWDUJHWYHKLFOHWKDWNSUHG IRUIURQWZKHHOVDQGNSUHG 
IRUUHDUZKHHOV$IWHUWKHSURFHVVLQJRIWKHSUHGLFWLYHWRUTXHWKHWRUTXHUHTXHVWHGE\WKHGULYHU
LVVDWXUDWHGDV

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

7KHUHIHUHQFHVOLSJHQHUDWRULVUHDOL]HGLQWKHIRUPRIDORRNXSWDEOH/877KHUHIHUHQFHVOLS
JHQHUDWRULVGHVLJQHGWRGHWHUPLQHWKHUHIHUHQFHVOLSOUHIE\PHDQVRIDW\UHPRGHO7KH3DFHMND
W\UHPRGHOLVXVHGLQWKLVVWXG\,WVSDUDPHWUL]DWLRQZDVSURYLGHGE\LQGXVWULDOSDUWQHUVRIWKH
(9(&7225&SURMHFW2QWKHILUVWVWHSWKHUHIHUHQFHVOLSLVGHILQHGDV

 PD[UHI ]I ) O  

7KHQDVOLSWDUJHWDGDSWDWLRQDOJRULWKPFDQEHDSSOLHGWRPRGLI\SURJUHVVLYHO\WKHUHIHUHQFH
YDOXHREWDLQHGIURPWKH/87LQRUGHUWREHDVFORVHDVSRVVLEOHWRWKHPD[LPXPEUDNLQJWRUTXH
DQGWRDYRLGXQGHURURYHUEUDNLQJFDXVHGHLWKHUE\LQDFFXUDWHHVWLPDWLRQVRIPD[RUE\WLUH
URDGEHKDYLRUGLIIHUHQWWRWKHRQHPRGHOOHGE\WKH/877KHJHQHUDOFRQWUROODZIRUUHDFWLYH
WRUTXHLVGHVFULEHGDV

BUHDFW 3, GULYHU GHPQ Q [    

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

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
ZKHUHQ3, LV WKHSURSRUWLRQDOLQWHJUDOFRQWUROGHPDQGDQG WKHFRUUHFWLRQIDFWRU[GULYHUBGHP LV
XVHGIRUWKHVDWXUDWLRQRIWKHUHDFWLYHWRUTXHLQRUGHUWRWUDFNWKHGULYHUGHPDQGDQGWRSUHYHQW
JHQHUDWLRQRIZURQJWRUTXHV7KHIDFWRU[GULYHUBGHPLVFDOFXODWHGGHSHQGLQJRQWKHGULYHUGHPDQG
FRPSXWHGIURPWKHEUDNHSHGDOVHQVRU

,Q$%6PRGHWKHSURGXFWRIWKHGHPDQGHG7GHPDQGUHDFWLYH7UHDFWWRUTXHVLVSURFHVVHGLQWKH
FRQWUROOHUPRGXOH7RUTXH/LPLWDWLRQVDQG%OHQGLQJJHQHUDWLQJDVRXWSXWWKHWRUTXHGHPDQGV
IRUWKHIULFWLRQEUDNH7EUBGHPDQGWKHHOHFWULFPRWRU7HPBGHPUHVSHFWLYHO\7KHLQGLYLGXDOEUDNH
WRUTXHVIURPWKHIULFWLRQEUDNHV7EUDQGWKHHOHFWULFPRWRUV7HPDUHUHDOL]HGE\WKHZKHHOV7KH
LQIRUPDWLRQDERXWDFWXDOZKHHOWRUTXH7ZWKHZKHHOYHORFLW\9ZDQGORQJLWXGLQDODFFHOHUDWLRQ
GHFHOHUDWLRQD[LVWKHQSURFHVVHGLQWKH6OLS	9HORFLW\2EVHUYHUVZLWKWKHDFWXDOVOLSODQGWKH
YHKLFOH YHORFLW\ 9[ DV LQSXW IRU WKH UHDFWLYH WRUTXH FRQWUROOHU 7KH REVHUYHUV XVH DOVR WKH
UHIHUHQFHYHKLFOHPRGHO

+HQFH WKH IHHGIRUZDUGVOLSFRQWUROSDUW LV UHODWHG WR WKHJHQHUDWLRQRI WKHSUHGLFWLYH WRUTXH
GHPDQGWKHUHDFWLYHWRUTXHFRQWUROOHULVUHVSRQVLEOHIRUWKHIHHGEDFNVOLSFRQWUROSDUW1H[W
VHFWLRQVZLOOLQWURGXFHUHVXOWVRIH[SHULPHQWDOWHVWLQJRIWKHGHYHORSHGFRQWUROOHUIRUWKH$%6
PRGH

([SHULPHQWDOUHVXOWVIRU$%6PRGH

,QLWLDOWXQLQJRIWKHFRQWUROOHUJDLQVKDVEHHQGRQHXVLQJKDUGZDUHLQWKHORRSWHVWVHWXSDQG
WKHQWKHFRQWUROOHUKDVEHHQLPSOHPHQWHGLQWKHWHVWYHKLFOHZKLFKKDVEHHQLQVWUXPHQWHGDV
IROORZV
x &RQWUROOHU SODWIRUP  G63$&( $XWRER[ ,%0 3RZHU3& *; *+] 5HDO WLPH
VRIWZDUH&RQWURO'HVN
x 9HKLFOH YHORFLW\PHDVXUHPHQW  &RUUV\V 'DWURQ VHQVRU VSHHG UDQJH    NPK
PHDVXUHPHQWDFFXUDF\!rPHDVXUHPHQWIUHTXHQF\+]
x $FFHOHURPHWHU0HDVXUHPHQWUDQJHrJEDQGZLGWK+]
x *\URVFRSH0HDVXUHPHQWUDQJHrVEDQGZLGWK+]
x 0DJQHWRPHWHU0HDVXUHPHQWUDQJHr*DXVVEDQGZLGWK+]

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

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
7KHIXOOWHVWSURJUDPLQFOXGHVWKHEUDNLQJPDQRHXYUHVRQORZIULFWLRQVXUIDFHVIRUGLIIHUHQW
EUDNH V\VWHP FRQILJXUDWLRQV LZLWKRXW$%6 LL K\GUDXOLF$%6 RQ ERWK D[OHV LLL RQO\
HOHFWULF$%6RQWKHIURQWD[OHLYEOHQGHGUHJHQHUDWLYHDQGK\GUDXOLF$%6RQWKHIURQWD[OH
DQGK\GUDXOLF$%6RQWKHUHDUD[OH7KHORZIULFWLRQVXUIDFHLVFRQVWLWXWHGE\EDVDOWWLOHVZKLFK
DUHFRQWLQXRXVO\ZHWWHGE\WKHVSULQNOHUV\VWHPGXULQJWKHYHKLFOHWHVWV7KHVXUIDFHKDVDQ
LQKRPRJHQHRXV FKDUDFWHU ZLWK WKH IULFWLRQ FRHIILFLHQW RI DERXW  « 7R JLYH
LOOXVWUDWLRQV)LJXUH)LJXUHDQG)LJXUHVKRZFRUUHVSRQGLQJO\WKHGLDJUDPVRI$%6
EUDNLQJIURPNPKRQWKHORZIULFWLRQVXUIDFHIRUWKUHHV\VWHPFRQILJXUDWLRQVLHOHFWUR
K\GUDXOLF$%6RQERWKD[OHVLLHOHFWULF$%6RQWKHIURQWD[OHRQO\LLLEOHQGHGHOHFWULFDQG
K\GUDXOLF$%6RQERWKD[OHV7DEOHFRPSDUHVWKHEUDNHGLVWDQFHDQGDYHUDJHGHFHOHUDWLRQIRU
EOHQGHGHOHFWULFDQGK\GUDXOLF$%6RQERWKD[OHVLQFDVHVRIEUDNLQJZLWKRXW$%6DQGZLWK
FRQYHQWLRQDOK\GUDXOLF$%67KHREWDLQHGH[SHULPHQWDO UHVXOWVDOORZDQXPEHURIHVVHQWLDO
REVHUYDWLRQVDQGFRQFOXVLRQVWREHGUDZQ

%UDNLQJZLWKHOHFWULF$%6RQWKHIURQWD[OHRQO\(YHQVXFKDOLPLWHG$%6FRQILJXUDWLRQ
JXDUDQWHHVWKHUHTXLUHGSHUIRUPDQFHIRUWKHJLYHQURDGFRQGLWLRQV7KHDYHUDJHGHFHOHUDWLRQ
KDVUHDFKHGWKHOHYHO!PVDVIRUWKHVHUYLFHEUDNLQJZKLFKLVFRQVLGHUDEO\PRUHWKDQ
WKHFDVHRIEUDNLQJZLWKRXW$%67KHLQLWLDOGURSRIWKHZKHHOVOLSGLGQRWH[FHHGWKHOHYHO
OaZLWKWKHVXEVHTXHQWVWDELOL]DWLRQFKDUDFWHUL]HGE\PLQRURVFLOODWLRQVDURXQGWKHUHIHUHQFH
YDOXHOUHI 5HJDUGOHVVRILQLWLDOEUDNLQJYHORFLW\WKHGULYHWUDLQWRUTXHGHPDQGRVFLOODWHV
DURXQG1PDQGUHDFKHGVKRUWWLPHSHDNYDOXHDERXWRI1PWRWKHHQGRIPDQHXYHU

 %UDNLQJ ZLWK EOHQGHG HOHFWULFK\GUDXOLF $%6 RQ ERWK D[OHV 7KLV $%6 FRQILJXUDWLRQ
GHPRQVWUDWHGHYLGHQW UHGXFWLRQ LQ WKHEUDNHGLVWDQFHFRPSDUHGZLWKERWKQRQ$%6EUDNLQJ
!GHSHQGLQJRQLQLWLDOEUDNLQJYHORFLW\DQGEUDNLQJZLWKWKHFRQYHQWLRQDOK\GUDXOLF$%6
!GHSHQGLQJRQLQLWLDOEUDNLQJYHORFLW\7KHDEVROXWHYDOXHVRIWKHDYHUDJHGHFHOHUDWLRQ
DUHDOVRKLJKHUWKDQWKHK\GUDXOLF$%6!GHSHQGLQJRQLQLWLDOEUDNLQJYHORFLW\7KH
GHFHOHUDWLRQSURILOHRIWKHFRQWLQXRXV$%6GHVHUYHVVSHFLDODWWHQWLRQLWZDVREVHUYHGWKDWWKLV
W\SH RI $%6 RSHUDWLRQ GRHV QRW SURGXFH FKDUDFWHULVWLF RVFLOODWLRQV RI WKH GHFHOHUDWLRQ WKDW
HQKDQFHVGULYLQJFRPIRUW

5HIHUHQFHVOLS WUDFNLQJ7KHPRVWGLVWLQFWLYH IHDWXUHRI WKHFRQWLQXRXV$%6RSHUDWLRQ LV
DFFXUDWH WUDFNLQJ RI WKH UHIHUHQFH VOLS UDWLR WKDW ZDV FRQILUPHG ERWK IRU SXUH HOHFWULF DQG
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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
EOHQGHGFRQILJXUDWLRQVRIWKHDQWLORFNEUDNLQJV\VWHP$VLWFDQEHVHHQIURP)LJXUHDQG
)LJXUHRQO\IHZLQLWLDOVOLSGHYLDWLRQVWRRNSODFHGXULQJWKHILUVWVHFRQGVRIWKHEUDNHSURFHVV
VLPLODU WR RUGLQDU\ $%6 RSHUDWLRQ 7R JLYH D TXDQWLWDWLYH H[DPSOH )LJXUH  GHSLFWV WKH
GLVWULEXWLRQ RI DFWXDO VOLS YDOXHV GXULQJ WKH ZKROH GXUDWLRQ RI D VLQJOH EUDNLQJ PDQHXYHU
EOHQGHG$%6ORZIULFWLRQURDGEUDNLQJIURPNPK7KLVGLVWULEXWLRQLQWKHIRUPRIKLW
SHUFHQWDJHFRQILUPVFOHDUO\WKDWPRVWRIWKHEUDNLQJWLPHDOOWKHZKHHOVDUHZRUNLQJLQWKHDUHD
FORVHWRWKHUHIHUHQFHVOLSYDOXHRI



)LJXUH%UDNLQJGLDJUDPV(OHFWURK\GUDXOLF$%6RQERWKD[OHV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
+DELOLWDWLRQWKHVLV


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





)LJXUH%UDNLQJGLDJUDPV&RQWLQXRXVUHJHQHUDWLYH$%6RQIURQWZKHHOVRQO\
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
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

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
 
 


)LJXUH%UDNLQJGLDJUDPV%OHQGHGFRQWLQXRXVUHJHQHUDWLYHDQGK\GUDXOLF$%6RQIURQWZKHHOV
K\GUDXOLF$%6RQUHDUZKHHOV

7DEOH%UDNHGLVWDQFHDQGDYHUDJHGHFHOHUDWLRQ
 ,QLWLDOEUDNLQJYHORFLW\NPK NPK NPK
%UDNLQJZLWKRXW$%6
%UDNHGLVWDQFHP   
$YHUDJHGHFHOHUDWLRQPV   
%UDNLQJZLWKFRQYHQWLRQDOK\GUDXOLF$%6RQERWKD[OHV
%UDNHGLVWDQFHP   
$YHUDJHGHFHOHUDWLRQPV   
%UDNLQJZLWKEOHQGHGHOHFWULFK\GUDXOLF$%6RQERWKD[OHV
%UDNHGLVWDQFHP   
$YHUDJHGHFHOHUDWLRQPV   

$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
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

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


)LJXUH'LVWULEXWLRQRIZKHHOVOLSGXULQJWKHEUDNLQJSURFHVVIURPNPKOHIWK\GUDXOLF$%6
ULJKWEOHQGHG$%6

9HKLFOHMHUN ,QWKHFDVHRIWKHFRQWLQXRXVUHJHQHUDWLYH$%6RQWKHIURQWZKHHOVDQGWKH
EOHQGHG $%6 FRQILJXUDWLRQ WKH YHKLFOH GHFHOHUDWLRQ LV IUHH IURP SURQRXQFHG IOXFWXDWLRQV
ZKLFK DUH W\SLFDO IRU FRQYHQWLRQDO $%6 RSHUDWLRQ 7KH UHVXOWLQJ EUDNLQJ G\QDPLFV LV
FKDUDFWHUL]HGE\WKHFRQVWDQWGHFHOHUDWLRQDIWHUUHDFKLQJVWHDG\VWDWH

$GDSWLYHSURSHUWLHV$GDSWLYHSURSHUWLHVRIWKH$%6FRQWUROOHUKDYHEHHQLQYHVWLJDWHGIRU
WKHEUDNLQJZLWKWUDQVLWLRQIURPRQHWRDQRWKHUW\SHRIWKHURDGVXUIDFH)LJXUHDDQGE
LQWURGXFHV$%6GLDJUDPVIRURQHFRUUHVSRQGLQJPDQHXYHUWKHYHKLFOHVWDUWVWREUDNHIURP
NPKRQORZIULFWLRQVXUIDFHDQGWKHQWKHWUDQVLWLRQWRWKHKLJKIULFWLRQVXUIDFHWDNHVSODFHDIWHU
VHFRQGV)LJXUHFDQGGLOOXVWUDWHVWKHWUDQVLWLRQEUDNLQJIURPKLJKIULFWLRQWRORZIULFWLRQ
VXUIDFH,WVKRXOGEHPHQWLRQHGIRUERWKWHVWVWKDWWKHWUDQVLWLRQWLPHGLGQRWH[FHHGPVDQG
HYHQVKRUWWLPHORFNLQJRIWKHZKHHOVZDVDYRLGHG7KHGLDJUDPVFRQILUPWKDWLQWKLVFDVHWKH
EOHQGHGFRQWLQXRXV$%6FRQWUROOHUSURSHUO\UHFRJQL]HGWKHFKDQJHRIURDGFRQGLWLRQV
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
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D
E
F
G
)LJXUH'LDJUDPVRIWUDQVLWLRQEUDNLQJ
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
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

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
+HQFHWKHSUHVHQWHGUHVXOWVKDYHGHPRQVWUDWHGDQH[SHULPHQWDOO\FRQILUPHGKXJHSRWHQWLDOLQ
EUDNHGLVWDQFHUHGXFWLRQDQGLPSURYHPHQWRIGULYLQJFRPIRUWE\WKHFRQWLQXRXV$%6FRQWURO
UHDOL]HGWKURXJKWKHDFWXDWLRQRILQGLYLGXDORQERDUGPRWRUV0RUHRYHU LW LVVKRZQWKDW WKH
SURSRVHGGHVLJQRIWKHHOHFWULFYHKLFOHZLWKWKHLQGLYLGXDORQERDUGPRWRUVFRQQHFWHGWRWKH
ZKHHOVWKURXJKWKHJHDUER[DQGWKHKDOIVKDIWFDQJXDUDQWHHWKHUHTXLUHGEUDNHSHUIRUPDQFHRQ
WKHORZIULFWLRQVXUIDFHIRUWKHFDVHRIWKHEUDNHDFWXDWLRQRIRQO\IURQWZKHHOV*HQHUDOO\WKH
GHYHORSHG$%6FRQWUROOHUERWKIXOILOVWKHUHTXLUHPHQWVRIWKHYHKLFOHVDIHW\LQDEUDNLQJPRGH
DQGDOVRDOORZVLPSURYLQJWKHGULYLQJFRPIRUWGXULQJWKHEUDNLQJPDQRHXYUHV 
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
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

aa

&KDSWHU6XPPDU\

$QDO\VLV RI DFWLYH VDIHW\ V\VWHPV IRU IXOO\ HOHFWULF YHKLFOHV UHYHDOV D GLYHUVH UDQJH RI
DSSURDFKHVWREUDNLQJDQGWUDFWLRQFRQWUROWRLPSURYHHOHFWULFYHKLFOHG\QDPLFV+RZHYHUWKLV
UHVHDUFKDUHDKDVVWLOOPDQ\RSHQTXHVWLRQVUHTXLULQJIXUWKHU LQYHVWLJDWLRQV ,QSDUWLFXODU LQ
VSLWHRIWKHYDULHW\LQFRQWUROPHWKRGVRQO\DIHZWHFKQLTXHVKDYHWRGDWHEHHQYDOLGDWHGDQG
YHULILHGRQIXOOVFDOHYHKLFOHV&RQVLGHULQJHOHFWULFYHKLFOHDUFKLWHFWXUHVZLWKLQZKHHODQGRQ
ERDUGPRWRUVDQGDGKHUHQWPHFKDQLFDOWUDQVPLVVLRQHOHPHQWVDVSODQHWDU\JHDUER[HVPRVWRI
WKHSXEOLVKHGVWXGLHVHLWKHUGRQRWH[DPLQHRURQO\FUXGHO\WDNHLQWRDFFRXQWWKHRVFLOODWLRQ
SURFHVVHVFDXVHGE\ WKHGULYHOLQHG\QDPLFVZKLFKFDQ IXQGDPHQWDOO\ LQIOXHQFH WKHFRQWURO
TXDOLW\LQUHDOFRQGLWLRQV7KHUHDUHDOVRIHZUHFHQWUHVHDUFKSXEOLFDWLRQVDERXWWKHFRQWUROOHU
GHVLJQDQGWHVWLQJRIDQWLORFNEUDNLQJV\VWHPVXVLQJSUHGRPLQDQWO\WKHDFWXDWLRQRIHOHFWULF
PRWRUV1HYHUWKHOHVVWKHLQWURGXFHGFDVHVWXG\KDVGHPRQVWUDWHGDKXJHSRWHQWLDORIHOHFWULF
$%6IRUHQVXULQJWKHYHKLFOHVDIHW\

)LQDOO\DQXPEHURIIROORZLQJVXJJHVWLRQVFDQEHSURSRVHGIRUIXWXUHLQYHVWLJDWLRQVRQDFWLYH
VDIHW\V\VWHPVIRUIXOOHOHFWULFYHKLFOHV
x 'HYHORSPHQW RI RSWLPDO WUDFWLRQ FRQWUROOHUV LV GHPDQGHG IURP YLHZSRLQW RI
VLPXOWDQHRXVHIIHFWLQYHKLFOHDJLOLW\DWDFFHOHUDWLRQDQGPLQLPL]DWLRQRIHOHFWULFHQHUJ\
FRQVXPSWLRQ
x '\QDPLFVRIHOHFWULFSRZHUWUDLQZLWKUHODWLYHO\KLJKEDQGZLGWKLVEHQHILFLDOQRWRQO\
IRU VDIHW\ DQG WUDFWLRQ SHUIRUPDQFH EXW DOVR IRU RYHUDOO GULYLQJ FRPIRUW +RZHYHU
XQZDQWHGGULYHWUDLQRVFLOODWLRQVFDQWDNHSODFHE\VSHFLILFSRZHUWUDLQDUFKLWHFWXUHVIRU
H[DPSOHZLWKKDOIVKDIWVEHWZHHQWKHPRWRUDQGWKHZKHHO7KLVUHTXLUHVDGGLWLRQDO
GHYHORSPHQWRIV\VWHPGDPSLQJPHFKDQLVPV
x %HQFKPDUNLQJSURFHGXUHVKDYH WREHGHYHORSHG IRU FRPSDUDWLYH DQDO\VLVRI HOHFWULF
$%6FRQWUROYDULDQWVZLWKERWKFRQWLQXRXVDQGF\FOLFDFWXDWLRQRIHOHFWULFPRWRUV
x $GYDQFHG VWXGLHV DUH UHTXLUHG IRU WKH DQDO\VLV RI DGYDQWDJHV SHUIRUPDQFH DQG
IXQFWLRQDO OLPLWDWLRQV RI DFWLYH VDIHW\ V\VWHPV ZLWK UHJDUG WR GLIIHUHQW YDULDQWV RI
HOHFWULFPRWRUVEUXVKOHVVVZLWFKHGUHOXFWDQFHHWDO
x &UHDWLRQRIREMHFWLYHSURFHGXUHVIRUSHUIRUPDQFHHYDOXDWLRQRI$%67&RIHOHFWULF
YHKLFOHVLVVWURQJO\GHPDQGHGZLWKSDUWLFXODUVSHFLILFDWLRQERWKIRUODERUDWRU\WHVWVDQG
URDGH[SHULPHQWV 
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&21&/86,216

7KHSUHVHQWHGZRUNFRYHUVVWDWHRIWKHDUWDQGRXWORRNVIRUDXWRPRWLYHDFWLYHVDIHW\V\VWHPV
DV FRPSOH[ UHVHDUFK DQG WHFKQRORJLFDO REMHFWV RQ WKH LQWHUIDFH EHWZHHQ YHKLFOH G\QDPLFV
PHFKDWURQLFV PHFKDQLFDO DQG FRQWURO HQJLQHHULQJ DQG LQIRUPDWLRQ WHFKQRORJLHV 0RGHUQ
DFWLYH VDIHW\ V\VWHPV GHPRQVWUDWH YDVW SRVVLELOLWLHV LQ UHGXFWLRQ RI URDG DFFLGHQWV RU
PLQLPL]DWLRQRIWKHLUQHJDWLYHFRQVHTXHQFHVKRZHYHUWKHUHLVVWLOODVLJQLILFDQWJDSWRUHDFK
VRFDOOHG³=HURDFFLGHQW´OHYHO)XUWKHUSURJUHVVLQWKLVDUHDUHODWHVWRDQXPEHURIWHFKQRORJLHV
UHTXLULQJSDUWLFXODUDWWHQWLRQLQUHVHDUFKDQGLQGXVWULDOGHYHORSPHQW:LWKLQWKHIUDPHZRUNRI
WKHLQWURGXFHGKDELOLWDWLRQWKHVLVWKUHHFRUUHVSRQGLQJWRSLFVKDVEHHQGLVFXVVHG

,GHQWLILFDWLRQRIURDGFRQGLWLRQV$QHIILFLHQWRSHUDWLRQRIDQ\DFWLYHVDIHW\V\VWHPGHSHQGV
RQSURSHUDFTXLVLWLRQDQGKDQGOLQJRILQIRUPDWLRQDERXWDFWXDODQGH[SHFWHGURDGFRQGLWLRQV
LQWHUPVRIW\UHVXUIDFHIULFWLRQDQGZKHHOVOLS0RVWRIXSWRGDWH$%6(6&DQGRWKHUDFWLYH
VDIHW\ V\VWHPVEHFRPHVXFKDQ LQIRUPDWLRQ WKURXJK HVWLPDWLRQDQGREVHUYDWLRQDOJRULWKPV
.QRZQUHOHYDQWSURFHGXUHVUHTXLUHPLQLPXPLQSXWGDWDIURPRQERDUGVHQVRUVEXWFRPSOLFDWH
WKHFRQWURODOJRULWKPVDQGDUHVHQVLEOHWRYDULRXVGLVWXUEDQFHV$FHUWDLQSURJUHVVLQWKLVDUHD
LVH[SHFWHGZLWKDSSOLFDWLRQRIQHZURDGVLGHVHQVRUVDQGLQFOXVLRQRIH[WHUQDOLQIRUPDWLRQDO
FKDQQHOV RI GULYLQJ HQYLURQPHQW )HDVLEOH HIIHFW LQ WKLV UHJDUG LV GHPRQVWUDWHG LQ WKH
KDELOLWDWLRQWKHVLVZLWKWKHFDVHVWXG\LQYHVWLJDWLQJWKHFRPELQDWLRQRI WKHRQERDUGDQGRQ
URDGLGHQWLILFDWLRQRIW\UHIULFWLRQ7KHLGHQWLILHGW\UHIULFWLRQSDUDPHWHUVFDQEHVXEVHTXHQWO\
XWLOL]HGLQDXWRPRWLYHDFWLYHVDIHW\V\VWHPVIRUKDQGOLQJRIOLQJXLVWLFDQGQXPHULFDOXQFHUWDLQW\
WKDWLPSURYHVDGDSWLYHSURSHUWLHVRIWKH$%6DQG(6&FRQWUROOHUV7KLVDSSURDFKLVSDWHQWHG
E\WKHDXWKRUDQGKLVFROODERUDWRUV(XURSHDQ3DWHQW(3$³$SSDUDWXVDQG0HWKRG
IRU'HWHUPLQLQJWKH)ULFWLRQDO6WDWHRID&DUULDJHZD\6XUIDFHDQG8VH7KHUHRI´

,QWHJUDWHGDFWLYHVDIHW\FRQWURO$FOHDUFXWWUHQGWRGD\LVWRLQWHJUDWHDQGWRFRRUGLQDWHWKH
RSHUDWLRQRIYDULRXVDFWLYHFKDVVLVDQGSRZHUWUDLQV\VWHPVWRHQKDQFHHIILFLHQF\DQGUREXVWQHVV
RI WKH DFWLYH VDIHW\ FRQWURO 7KH LQWHJUDWLRQ RI WKH EUDNHEDVHG  WRUTXHEDVHG \DZPRWLRQ
FRQWUROWKHDFWLYHVWHHULQJWKHDFWLYHVXVSHQVLRQWKHWRUTXHYHFWRULQJDQGRWKHUDXWRPRWLYH
V\VWHPV DOORZV WR UHDFK VLPXOWDQHRXVO\ D EHWWHU YHKLFOH VDIHW\ GULYLQJ FRPIRUW DQG RYHUDOO
HQHUJ\HIILFLHQF\RIWKHYHKLFOH$QLPSRUWDQWUHPDUNLVWKDWLQWHJUDWHGDFWLYHVDIHW\V\VWHPV
KDYHDPRUHFRPSUHKHQVLYHDUFKLWHFWXUHDQGORJLFRIWKHFRQWUROOHUDQGUHTXLUHDFDUHIXOYDOXH
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
DQDO\VLVWRILQGDEDODQFHEHWZHHQWKHV\VWHPFRPSOH[LW\DQGDFKLHYDEOHEHQHILWV7ZRUHOHYDQW
FDVHVWXGLHVDUHLQWURGXFHGLQWKHKDELOLWDWLRQZRUNERWKIRUWKHFRQYHQWLRQDODQGWKHHOHFWULF
YHKLFOH7KH\KDYHFOHDUO\GHPRQVWUDWHGWKDWFRUUHFW LQWHJUDWLRQRIWKHEUDNLQJVWHHULQJDQG
SRZHUWUDLQ FRQWURO LPSURYHV WKH YHKLFOH VWDELOLW\ DQG EULQJV DGGLWLRQDO DGYDQWDJH LQ
PLQLPL]DWLRQRIW\UHGLVVLSDWLRQDQGZKHHOVOLSORVVHV

$FWLYH VDIHW\ FRQWURO IRU HOHFWULF YHKLFOHV 7KH VKDUH RI HOHFWULF YHKLFOHV LV FRQWLQXRXVO\
LQFUHDVHGZRUOGZLGH WKDW FDXVHV D GHPDQG RQ EHWWHU VSHFLI\LQJ WKHLU DFWLYH VDIHW\ FRQWURO
GHVLJQ ,W LV HVSHFLDOO\ UHDVRQDEOH IRU HOHFWULF YHKLFOHV ZLWK LQGLYLGXDO ZKHHO PRWRUV 7KH
PRWRUVDUHFRQVLGHUHGLQWKLVFDVHERWKDVSRZHUWUDLQDQGFKDVVLVDFWXDWRUVGXHWRRSHUDWLRQLQ
D UHJHQHUDWLYH EUDNLQJ PRGH $QDO\VLV RI DFDGHPLF DQG LQGXVWULDO VWXGLHV KDV LGHQWLILHG
GLIIHUHQWDSSURDFKHVWRWKHUHDOL]DWLRQRI7&$%6DQG(6&IXQFWLRQVLQWKHHOHFWULFYHKLFOHV
DQGWKHPRVWHIILFLHQWVROXWLRQVVKRXOGEHVWLOOVSHFLILHGKHUH1HYHUWKHOHVVWKHILUVWUHVXOWVRI
RSHUDWLRQ RI VHULDO HOHFWULF YHKLFOHV ZLWK SXUH HOHFWULF $%6 RU (6& KDYH GHPRQVWUDWHG DQ
HVVHQWLDOLPSURYHPHQWRIWKHFRQWUROSHUIRUPDQFHDVFRPSDUHGIRUH[DPSOHZLWKFRQYHQWLRQDO
$%6XVLQJK\GUDXOLFDFWXDWRUV7KLVVWDWHPHQWLVDOVRFRQILUPHGZLWKWKHUHVXOWVRIFDVHVWXG\
JLYHQLQWKLVKDELOLWDWLRQWKHVLVIRU WKHDOOZKHHOGULYHVSRUWXWLOLW\YHKLFOHZLWKLQGLYLGXDOO\
FRQWUROOHGRQERDUGPRWRUV7KHPHWKRG LQWURGXFHG LQ WKHFDVHVWXG\ LVSDWHQWHG *HUPDQ
3DWHQW '(     $ Ä6\VWHP XQG 9HUIDKUHQ ]XU $QWULHEV XQG
%UHPVPRPHQWUHJHOXQJLQ(OHNWURIDKU]HXJHQPLW(LQ]HOUDGDQWULHE³DQGLVDGYDQFHGLQIXUWKHU
SDWHQWDSSOLFDWLRQ*HUPDQ3DWHQW'RFXPHQW'($³6\VWHPXQG9HUIDKUHQ
]XU 5HJHOXQJ GHU 5DGEUHPVPRPHQWH PLW JOHLFK]HLWLJHU 6W|UNRPSHQVDWLRQ LQ
(OHNWURIDKU]HXJHQ´

7KHUHVXOWVLQWURGXFHGLQWKLVZRUNVXEVWDQWLDWHWKDWDXWRPRWLYHDFWLYHVDIHW\V\VWHPVEHORQJWR
WKHPRVWFKDOOHQJLQJWRSLFVLQDXWRPRWLYHHQJLQHHULQJZLWKZLGHRSSRUWXQLWLHVIRUDGYDQFHG
VFLHQFH DQG LPSOHPHQWDWLRQ RI QRYHOPHFKDWURQLF YHKLFXODU DQG LQIRUPDWLRQ WHFKQRORJLHV
1HZHQJLQHHULQJVROXWLRQVLQWKLVDUHDDUHKLJKO\GHPDQGHGERWKE\LQGXVWU\DQGVRFLHW\DQG
WKHSUHVHQWHGKDELOLWDWLRQWKHVLVPDNHVDFHUWDLQFRQWULEXWLRQLQWKLVGLUHFWLRQ

$QDO\VLVRIUHFHQWVWXGLHVDQGLQQRYDWLRQSURMHFWVIXQGHGLQLQGXVWULDODQGSXEOLFVHFWRUVDOORZV
LGHQWLI\LQJWKHIROORZLQJSURPLVLQJGLUHFWLRQVZKHUHIXUWKHUDSSOLFDWLRQDUHDVRIDFWLYHVDIHW\
V\VWHPVDQGFRUUHVSRQGLQJUHVHDUFKGHPDQGDUHH[SHFWHG
$'9$1&('$872027,9($&7,9(6$)(7<6<67(06
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
x 1HZPHFKDWURQLFFKDVVLVDQGSRZHUWUDLQDFWXDWRUVDOORZLQJEHWWHUG\QDPLFVRIDFWLYH
VDIHW\ FRQWURO DQG FKDUDFWHUL]HG E\ PLQLDWXUL]DWLRQ RI FRPSRQHQWV EHQHILFLDO IRU
PRGXODUDQGLQZKHHOGHVLJQUHGXFHGSRZHUFRQVXPSWLRQDQGHQHUJ\KDUYHVWLQJ
x )XUWKHULQFOXVLRQRIGULYHUSDUDPHWHUVLQWRWKHDFWLYHVDIHW\FRQWUROFLUFXLWLQRUGHUWR
HQODUJHIXQFWLRQDOLW\RIDGYDQFHGGULYHUDVVLVWDQFHV\VWHPVZLWKIXQFWLRQVRIWUDLQLQJ
WKHGULYHULQKD]DUGSHUFHSWLRQ
x $GDSWDWLRQRIDFWLYHVDIHW\FRQWUROWRWKHFRQGLWLRQVRIDXWRPDWHGGULYLQJHVSHFLDOO\
IRU WUDQVLHQW RSHUDWLRQ RI WKH YHKLFOH EHWZHHQ VHPLDXWRQRPRXV DQG DXWRQRPRXV
PRGHV
x $GYDQFHG PHWKRGV IRU YHKLFOH VWDWH DQG SDUDPHWHU HVWLPDWLRQ IRU WKH DFWLYH VDIHW\
FRQWUROOHUVZLWKWKHXVHRIVHQVRUIXVLRQWHFKQLTXHRQURDGLQIRUPDWLRQDQGQHZVHQVRU
WHFKQRORJLHVIRUGHWHFWLRQDQGPHDVXUHPHQWRIURDGDQGYHKLFOHSDUDPHWHUV
x 1RYHOSURFHGXUHVDQGWHVWLQJPHWKRGVZKLFKDUHUHTXLUHGIRUGHYHORSPHQWGHVLJQRI
DFWLYHVDIHW\V\VWHPVDQGYDOLGDWLRQDQGYHULILFDWLRQRIWKHLUIXQFWLRQDOLW\DQGEDVHGRQ
;LQWKHORRS WHFKQRORJLHV WKDW DOORZV VKDUHG DQG GLVWULEXWHG H[SHULPHQWV IRU
VLPXOWDQHRXVUHDOWLPHVWXGLHVLQFRQWUROSHUIRUPDQFH ORDGLQJPRGHVDQGUHOLDELOLW\
ERWKRQFRPSRQHQWV\VWHPDQGYHKLFOHOHYHOV

7KHOLVWHGWHFKQRORJLFDODUHDVDUHQRWRQO\LPSRUWDQWIRUDFWLYHVDIHW\V\VWHPVDSSURDFKLQJWR
]HURDFFLGHQWOHYHOEXWDOVRLQIOXHQWLDOLQFUHDWLRQRIQHZYHKLFOHDQGPRELOLW\SDUDGLJPV7KHLU
SURSHUFRQVLGHUDWLRQVKRXOGEHHVVHQWLDOE\HVWDEOLVKLQJLQQRYDWLYHHGXFDWLRQDODQGUHVHDUFK
FRQFHSWVLQ$XWRPRWLYH(QJLQHHULQJ



 
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3(5621$/&2175,%87,212)7+($87+2572+$%,/,7$7,21
723,&6

7KHFDVHVWXGLHVRIWKHSUHVHQWHGKDELOLWDWLRQWKHVLVDUHEDVHGRQORQJWHUPZRUNVRIWKHDXWKRU
QRWRQO\LQWKHIRUPRILQGLYLGXDOLQYHVWLJDWLRQVEXWDOVRLQFROODERUDWLRQZLWKRWKHUVFLHQWLVWV
SURIHVVLRQDOVDQGLQVWLWXWLRQV7RJLYHDSURSHUDFNQRZOHGJHPHQWWRDOOFROODERUDWLYHVWXGLHV
WKHSHUVRQDOFRQWULEXWLRQVRIWKHDXWKRUDQGKLVFROOHDJXHVDUHVXPPDUL]HGEHORZ

&DVHVWXG\IURP6HFWLRQ
3HUVRQDO FRQWULEXWLRQ 'HYHORSPHQW RI WKUHHOD\HU FDVFDGH DUFKLWHFWXUH RI W\UH IULFWLRQ
LGHQWLILFDWLRQDQGFRUUHVSRQGLQJIX]]\PRGHOV'HVLJQRI+,/H[SHULPHQWV
5HOHYDQW SURMHFWV ³)X]]\ (QYLURQPHQW RI 7\UH6XUIDFH ,QWHUDFWLRQ´ E\ $OH[DQGHU YRQ
+XPEROGW )RXQGDWLRQ ³,17<5( ,QWHUIDFH RI ,QWHOOLJHQW &RQWURO 3KLORVRSK\ DQG
0HFKDWURQLFV7HFKQRORJ\IRU7\UH6XUIDFH,QWHUDFWLRQ´E\WKH(XURSHDQ&RPPLVVLRQ
&RQWULEXWLRQRIFROODERUDWRUV3URI'U,QJ.ODXV$XJVEXUJ78,OPHQDXVXSSRUW LQ WKH
W\UHPRGHOVSHFLILFDWLRQDQGGHILQLWLRQRI+,/WHVWULJDUFKLWHFWXUH'U%DU\V6K\URNDXIRUPHU
78 ,OPHQDX QRZ 78 'HOIW  GHYHORSPHQW RI '2) YHKLFOH PRGHO UHDOL]DWLRQ RI +,/
H[SHULPHQWV
5HOHYDQWSXEOLFDWLRQV>@>@>@>@>@>@>@>@

&DVHVWXG\IURP6HFWLRQ
3HUVRQDOFRQWULEXWLRQ6SHFLILFDWLRQRILQWHJUDWHGDFWLYHVDIHW\V\VWHPFRQWUROOHUDQGUHODWHG
VXEFRQWUROOHUV'HILQLWLRQRILQWHJUDWLRQUXOHVDQGEHQFKPDUNLQJFULWHULD
5HOHYDQWSURMHFWV³,QWHJUDWLRQRI,QYHUVH'\QDPLFVDQG)X]]\6HWVIRU&RQWURO3URFHVVHVLQ
0HFKDWURQLF6\VWHPV´E\')*
&RQWULEXWLRQ RI FROODERUDWRUV 'U %DU\V 6K\URNDX IRUPHU 78 ,OPHQDX DQG 1DQ\DQJ
7HFKQRORJLFDO8QLYHUVLW\QRZ78'HOIW GHYHORSPHQWRIVXEFRQWUROOHUVRI(6&79DQG
$)6UHDOL]DWLRQRIVRIWZDUHDQG+,/VLPXODWLRQ3URI'U,QJ.ODXV$XJVEXUJ78,OPHQDX
VXSSRUW LQ LQWHJUDWHGFRQWUROOHUVSHFLILFDWLRQ3URI9ODGLPLU9DQWVHYLFKIRUPHU/DZUHQFH
7HFKQRORJLFDO 8QLYHUVLW\ QRZ 8QLYHUVLW\ RI $ODEDPD  GHYHORSPHQW RI LQYHUVH YHKLFOH
PRGHO
5HOHYDQWSXEOLFDWLRQV>@>@

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&DVHVWXG\IURP6HFWLRQ
3HUVRQDOFRQWULEXWLRQ'HVLJQRI+,/WHVWULJDUFKLWHFWXUHIRULQYHVWLJDWLRQRQLQWHJUDWHGDFWLYH
VDIHW\FRQWURO'HYHORSPHQWRIEHQFKPDUNLQJFULWHULD
5HOHYDQWSURMHFWV5HVHDUFK*URXS³32573RZHUWUDLQ5DGLRWUDLQ´ IXQGHGE\ WKH(XURSHDQ
6RFLDO)XQG
&RQWULEXWLRQ RI FROODERUDWRUV 'U %DU\V 6K\URNDX IRUPHU 78 ,OPHQDX DQG 1DQ\DQJ
7HFKQRORJLFDO8QLYHUVLW\QRZ78'HOIWGHYHORSPHQWRIWKHLQWHJUDWHGFRQWUROOHUEDVHGRQ
WKHFRQWURO DOORFDWLRQPHWKRGGHYHORSPHQWRI'2)YHKLFOHPRGHO3URI'U,QJ.ODXV
$XJVEXUJ 78 ,OPHQDX  VXSSRUW LQ VSHFLILFDWLRQ RI UHDOWLPH+,/ H[SHULPHQWV'LSO,QJ
']PLWU\6DYLWVNL'LSO,QJ/XNDV+HLGULFK'LSO,QJ.ULVWLDQ+|SSLQJDOO78,OPHQDX
RUJDQL]DWLRQDQGFDUU\LQJRXWRI+,/WHVWV
5HOHYDQWSXEOLFDWLRQV>@>@>@

&DVHVWXG\IURP6HFWLRQ
3HUVRQDO FRQWULEXWLRQ 6SHFLILFDWLRQ DQG FRGHYHORSPHQW RI LQWHJUDWHG 7&$%6 FRQWUROOHU
6SHFLILFDWLRQ DQG FDUU\LQJ RXW RI WHVW SURFHGXUHV RQ WKH +,/ WHVW ULJ DQG WKH YHKLFOH
GHPRQVWUDWRU'HVLJQRIH[SHULPHQW
5HOHYDQWSURMHFWV³(9(&7225&(OHFWULFYHKLFOHFRQWURORILQGLYLGXDOZKHHOWRUTXHIRURQ
DQGRIIURDGFRQGLWLRQV´E\WKH(XURSHDQ&RPPLVVLRQ
&RQWULEXWLRQ RI FROODERUDWRUV 'U %DU\V 6K\URNDX IRUPHU 78 ,OPHQDX DQG 1DQ\DQJ
7HFKQRORJLFDO8QLYHUVLW\QRZ78'HOIWFRGHYHORSPHQWRILQWHJUDWHG7&$%6FRQWUROOHU
'LSO,QJ']PLWU\6DYLWVNL FRGHYHORSPHQWRI WKH LQWHJUDWHG7&$%6FRQWUROOHUFDUU\LQJ
RXWRIWHVWSURFHGXUHVRQWKH+,/WHVWULJDQGWKHYHKLFOHGHPRQVWUDWRU3URI'U,QJ.ODXV
$XJVEXUJ78,OPHQDX'U$OGR6RUQLRWWL8QLYHUVLW\RI6XUUH\JHQHUDOVXSHUYLVLQJDQG
FRQVXOWLQJ GXULQJ WKH 7&$%6 GHYHORSPHQW SURFHVV 'U,QJ 7KRPDV 3W] 75:
$XWRPRWLYH'U3KLO%DUEHU-DJXDU/DQG5RYHUVXSSRUWRIWHVWVRQWKH+,/DQGYHKLFOH
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